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Abstract 
Abundance of natural gas in addition to its lower carbon emission compared to other 
fossil fuels including coal and crude oil makes it a preferred feed-stock for producing liquid 
fuels and chemicals. There are number of chemical processes that have been developed to 
convert natural gas/methane into liquid fuels and other fuel additives, collectively referred as 
Gas-to-Liquid technologies (GTL). Catalytic reforming of methane for producing syngas, a 
mixture of hydrogen and carbon monoxide, is a well-established but least efficient and 
dearest part of GTL processes. Majority of the industrial syn gas production technologies are 
large scale highly energy intensive steam reforming (SMR) processes. Other catalytic 
reforming processes, including catalytic partial oxidation (CPOx), dry reforming (DRM) and 
autothermal reforming (ATR) of methane, can produce synthesis gas of different 
compositions as well as varying energetics. DRM produces CO rich syn gas, SMR produces 
H2 rich syn gas. CPOx produces the syn gas having the H2:CO ratio 2, desirable for 
downstream methanol and DME production, but the exothermic nature of process often leads 
to the formation of hot spots in the catalyst surface that deactivate the catalyst. Moreover, this 
process requires handling of oxygen and methane mixture, which is a safety concern. 
Autothermal reforming of methane combines non-catalytic complete oxidation (by flame 
conventionally) of methane and catalytic reforming of methane by steam and CO2. This 
process can be miniaturized and carried out at high pressure, which can avoid syngas 
compression step during the downstream high pressure conversion of syngas into methanol. 
However, ATR requires flame (or burner) and it carried out at very high temperatures; higher 
than 1000 ⁰C. Major factor governing to optimize these reforming processes is to develop 
stable and active catalysts against coking, active metal sintering and support degradation. 
Developing robust catalysts with high activity has always been challenging. Another factor 
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that needs to be addressed for optimization of reforming processes is efficient heat and mass 
transfer, which is difficult to achieve in small scale processes. 
The focus of this study is to develop an intensified/efficient reforming process with 
smaller footprint so this can be used to convert methane onsite in remote areas. In order to 
integrate the heat and energy transfer in a small-scale process as well as to get the desirable 
H2/CO ratio, it has been proposed to develop a dual catalyst beds reactor consisting of 
oxidation catalyst and reforming catalyst. In such processes, methane oxidation occurs at a 
very short contact time on the first bed, produces heat and CO2 with high space velocities. 
Then CO2 and steam reforming occurs on the second bed utilizing the heat generated from 
the first bed. This process is similar to autothermal reforming except the flame, which is 
replaced by an oxidation catalyst. This process is referred here as “catalytic ATR”. The 
process parameters such as temperature, pressure, feed composition (O2 and steam) were 
varied for the in depth understanding of the system. The key advantage that Catalytic ATR 
has over other reforming process is, tailored syn gas composition in the product by changing 
temperature and feed ratios. 
For the quest of suitable reforming catalyst, seven catalysts had been synthesized for 
dry reforming of methane, on mesoporous alumina supports, including mono, bi and 
trimetallic catalysts consists of transition metals nickel, cobalt and rhodium (Ni, Co and Rh). 
The bimetallic catalyst NiCo/Al2O3 and (RhNi/Al2O3) were found to be highly active, 
produced CO rich syn gas (H2:CO ratio ~ 1) and particularly stable for hours. The fresh and 
spent catalysts were characterized using different characterising technology; BET, XRD, 
TGA, XPS and TEM, to understand stability and activity of these catalysts. The alloy phase 
of Ni and Co in the case of NiCo/Al2O3 and the hydrogen spill-over effect of Rh in the case 
of NiRh/Al2O3 were found to be responsible for the enhanced activity.    
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Lower temperature partial and/or complete oxidation catalysts were required for the 
first bed of the duel catalyst bed of catalytic autothermal reforming process.  Hydrotalcites of 
varying Mg/Al (Magnesium and Aluminium) ratio supported rhodium catalysts were 
screened for partial oxidation of methane. Rhodium weight percentage was kept as 1%. All 
these catalysts (Fresh and spent) were also characterized with BET, XRD, TGA, TPO, XPS 
and TEM. Rhodium catalysts favour partial oxidation of methane due to the dual role of 
rhodium as an oxidation catalyst and reforming catalyst. Among the rhodium hydrotalcite 
catalysts, Rh/hydrotalcite (HT-1) was oxidized at around 450 °C and found to be highly 
active CPOx catalyst for syn gas production.  
1 weight percentage of Pd/CeO2/Al2O3 was synthesized in a noble synthesis process 
and tested in catalytic autothermal reforming. The result reveals that Pd/CeO2/Al2O3 
favoured complete oxidation of methane at even lower temperatures (from 290 ⁰C). For lower 
oxidation temperature and tendency of complete oxidation, Pd/CeO2/Al2O3 catalyst was 
chosen as an oxidation catalyst for the catalytic autothermal reforming of methane. 
Finally, the dual catalyst bed consists of total oxidation catalyst and best 
performing/economic reforming catalysts placed in sequential manner were tested with 
oxygen and steam as oxidant feed. Syngas produced from this autothermal reforming 
contains hydrogen to carbon ratio higher than DRM and CPOX but lower than conventional 
SRM and ATR processes. Pd/CeO2/Al2O3 showed methane oxidation as low as 290 °C and 
produced significant heat at higher temperature; enough to initiate the subsequent reforming 
processes by the reforming catalyst. 
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1.1 Introduction 
The global consumption of energy is increasing rapidly; estimates suggest that it will 
increase by ~30% within 2040 [1]. Fossil fuels such as oil, coal and natural gas currently 
provide a large proportion of the global energy requirements. Energy generation from these 
fuels and their processing contributes significant emissions of greenhouse gases, which 
contribute to global warming and associated environmental changes. However, replacing the 
fossil fuels with other energy sources remains a significant challenge. Natural gas is 
considered clean energy sources among the fossil fuels due to its lower carbon emission and 
high H/C ratio than other hydrocarbon fuels. High energy prices, the increasing demand for 
transportation fuels, the depletion of oil reserves and the volatility of the oil markets are also 
important factors which shift the focus from crude oil as chemical feed-stock to natural gas 
for many applications [2, 3]. In many countries, the recent discovery of large natural gas 
reserves, stranded gas reserves, associated gas, acid gas, and shale gas has provided an 
opportunity to produce fuels and chemicals from natural gas rather than oil. In Australia, 
there are a number of natural gas reserves in remote locations that are effectively stranded, 
which limits their industrial applications [4]. Several options are currently being investigated 
for the commercial development of such reserves, including LNG (Liquid Natural Gas) 
production and the chemical conversion to valuable chemicals and fuels. One of the key 
requirements in these Gas-to-Liquid (GTL) technologies is to develop an intensified chemical 
process with efficient heat and mass transfer, which can significantly reduce the footprint of 
the reformer without compromising the efficiency of the reforming processes. All the GTL 
processes are typically two-step processes in which natural gas is first converted to synthesis 
gas (syngas), a mixture of hydrogen and carbon monoxide, which is subsequently converted 
into paraffins, methanol, oxygenates and olefins. 
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1.2 Synthesis gas – the interim exquisite 
Synthesis gas is a versatile intermediate feedstock for fuel and value added chemical 
synthesis. At its simplest form, it is a mixture of hydrogen and carbon monoxide in various 
ratios. Carbon dioxide and Nitrogen can also be present in synthesis gas. The composition of 
synthesis gas can widely vary, depending on the synthesis processes and the composition of 
the raw materials, i.e. their hydrogen-to-carbon ratios and their reactivity’s.  
Synthesis gas can be produced not only from natural gas, petroleum, petroleum 
derivatives, or coals but also from almost any organic material, including biomass and 
organic wastes. It has been synthesizing for many years in commercial level. There are 
number of established processes techniques used in industries to produce synthesis gas 
depending on the downstream requirements. A schematic diagram of overall syngas process 
is given in Fig. 1.1.  
 
Figure 1.1 Schematic diagram of syngas process. Sources to intermediate syngas to different 
downstream processes 
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Syngas has been used for several highly selective synthesis processes of producing a 
wide range of chemicals and fuels. Namely, from ammonia to higher aldehydes and alcohols, 
from hydrogen to methanol and dimethyl ether (DME) etc. Its adaptable nature leads to its 
versatile uses. Pure hydrogen can be generated from syngas in high quantity by converting all 
carbon monoxide to hydrogen via the water-gas shift reaction. On the other hand, highly pure 
carbon monoxide can also be produced by low-temperature (cryogenic) separation or 
absorption in aqueous copper salt solutions [5]. 
Syngas plays a very important role in energy conversion as it is the intermediate to 
many fossil fuel derived transportation fuels and chemicals. Improved and intensified 
commercial syngas production and conversion are therefore important agenda in energy 
sector. Stringent regulations associated with the fossil fuel use in energy generation and 
related environmental concerns also provide stimulation for upgraded syngas production and 
conversion technologies [6]. 
1.2.1 Major uses of syngas in chemical industries 
Syngas is valuable for its various useful products in chemical and fuel industry. The 
history of syngas usage routed even in early nineteenth century when it was used for 
lightening and cooking. Commercial hydrogen production from syngas was started in early 
twentieth century. Ammonia production and fischer-tropsch Synthesis (FTS) were invented 
later heavily relied on syngas as feed.  Therefore, syngas productions become 
commercialized and its demand increased over the years. According to Rostrup-Nielsen et al., 
primary uses of syngas are ammonia production (in 2006, 124 million tons per year), 
methanol production (in 2005, 33 million tons per year) and pure hydrogen production for 
hydro-treating in refineries (in 2006, 20 million tons per year) [7]. 
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1.2.1.a) Syngas as a source of Hydrogen 
Irving Wender in his review on syngas stated that hydrogen production from the syn 
gas is the major application of syngas [8]. Hydrogen is primarily produced from steam 
reforming followed by two stage water-gas shift reactions. Produced syngas from steam 
reforming first fed for high temperature water-gas shift reaction (350-400 °C, Fe-based 
catalyst), and then for low temperature water−gas shift reaction at ∼ 200 °C (Cu-based 
catalyst) [9, 10]. 
 Majority of that produced hydrogen (about 60%) is consumed for ammonia 
production worldwide. Rest is used for hydrocracking processes in refineries (23%) and 
methanol production (9%), only 8% of the produced hydrogen is merchant hydrogen [6]. 
Other uses of Hydrogen include manufacturing fine chemicals, drugs, jet/rocket fuels, 
reduction of ores, hydrogenation of oils and fats etc.     
1.2.1.b) Ammonia production from syngas 
Ammonia is one of the largest synthetic chemical products in chemical industries. In 
2006 worldwide ammonia production was 124 million tons [7]. Commercial ammonia 
production was started in 1913 after Fritz Haber and Carl Bosch discovered ammonia 
synthesis from H2 and N2 in 1910. N2 separated from the compressed air after natural gas 
combustion, which consume oxygen from the air and CO2 separated by liquefaction.  
Ammonia is mostly used for making urea or ammonium salts (nitrate, phosphate, and 
Sulfate). A small portion of ammonia is consumed as feedstock in plastic industry. Besides, 
ammonia is used for producing explosive. Nitric acid and cyanides are also synthesized from 
ammonia.   
1.2.1.c) Fischer-Tropsch Process 
Fischer-Tropsch Synthesis (FTS) is often called ‘indirect liquefaction’, because the 
feed is first converted into syngas and the syngas is then converted to liquid fuel products 
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[11]. This accounts one third consumption of annually produced syn gas [8]. At present FTS 
process operated in two different temperature ranges, high temperature (about 340 °C) with 
iron catalysts and low temperature (about 230 °C) with iron or cobalt catalysts. The products 
from high temperature FTS are gasoline and olefins, and low temperature FTS are diesel and 
linear waxes. FTS produces high cetane (about 75) diesel fuels [12, 13].  
   Industrial application of Fischer-Tropsch Synthesis (FTS) was started in Germany 
in early twentieth century but after second world war all commercial units for FTS was 
ceased their operation due to inefficiency [13]. Still the interest in FTS continued due to 
fluctuation in crude oil recovery as well as their prices.  
These days FTS is getting attention as large amount of natural gases which are simply 
flared can utilize by this process. Most of the countries are adopting energy saving policies; 
as a result, flaring of natural gas is charged with taxes. Besides, Natural gas from remote 
location can be transformed into shippable hydrocarbon liquid through FT synthesis. 
Addressing all these, Hans Schulz predicted that in future extensive industrial application of 
Fischer-Tropsch Synthesis might require, i.e. FTS have bright future [14]. 
1.2.1.d) Methanol and other methanol derivatives 
Methanol itself a clean burning transportation fuel and it is of countless interest for its 
chemical products. Important chemicals produced from methanol are formaldehyde, 
dimethylether (DME), methyl tert-butyl ether (MTBE), acetic acid, olefins, methyl amines, 
and methyl halides etc.   
DME is industrially important as it has the potential to be used as a diesel or cooking 
fuel or a chemical feedstock [15, 16]. It has been used as an aerosol propellant [16]. 
Methanol synthesis form syngas over Cu/Zn/Al2O3 is well-established industrial 
process. Methanol production was first commercialized in 1923 after discovery of 
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Fe/K/Al2O3 catalyst by Alwin Mittasch. The very first process of methanol production was 
very inefficient high temperature (400 °C), high pressure (200 atm) process [17].      
The demand of methanol and its products lead to the exploration of efficient 
technologies. On this track, major improvement was achieved in 1960 when sulphur free 
syngas was produced. A more active Cu/ZnO catalyst can be used in methanol synthesis 
process. Improvement in the technology of methanol synthesis did not stop there, a once-
through scheme was developed where a series of reactors were assembled to reduce the 
recycling and improve the energy efficiency [18].  
1.2.1.e) Syngas as a fuel 
Synthesis gas, often called medium-btu gas, is a clean burning fuel. Bika et al. have 
investigated syngas for hydrogen alternative in compression ignition (CI) engines and 
hydrogen fueled spark ignition (SI) engines. Their work verified that, increase of CO 
percentage in syngas increases the knocking performance without influencing the efficiency 
of the engine [19]. 
1.2.1.f) Synthesis gas for electricity generation 
Synthesis gas has been fed to integrated gasification combined cycle (IGCC) system 
to drive steam turbine to produce hydrogen and electricity simultaneously. Excessive CO2 
emission is an environmental concern for IGCC system. Consequently, potential carbon 
capture and storage unit adaptation with the IGCC system have been investigated in techno-
economic level [20, 21]. 
1.3 Route to Syngas 
Syngas can be produced form any hydrocarbon feedstock ranging from natural gas to 
oil, coke, coal and biomass. Generally pure oxygen or steam is used for the production of 
synthesis gas. Raw materials from syngas production profoundly depend on geological 
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location, economic status of the country and political situation worldwide. In general, it can 
be stated that coal is more evenly distributed among the countries and has much more reserve 
than oil and natural gas [22]. 
But syngas production from solid feedstock requires a greater capital investment 
because of raw material handling and complex syngas purification processes. Syngas 
production process from coal produces large amount of ash that need to remove from the 
system. As a result, capital cost for coal to syngas process is almost twice that of oil/gas to 
syngas process [5, 12]. 
Declining petroleum oil reserve and uncertain petroleum costs leads to global demand 
of production of fuels and chemicals derived from other sources then petroleum oil. Low 
grade residual oil or coke could be very cheap raw materials but capital cost for processing of 
this type of sources will also be higher as for the requirement of feedstock handling, shoot 
removal and syngas cooling and purifying [23]. 
Increasing demand of clean burning fuels and abundance of natural gas leads the 
attention to natural gas reforming for syngas production. Since natural gas has ample 
scalability and it is inexpensive, for medium term natural gas can be the alternative source of 
syngas [24]. 
1.4  Syngas production processes 
There are several catalytic reforming processes, including steam methane reforming 
(SMR), dry reforming of methane (DRM), catalytic partial oxidation (CPOx) and autothermal 
reforming (ATR) of methane, which can produce synthesis gas of different compositions as 
well as varying energetics. 
SMR is the most industrially utilized reforming process for production of syngas [25, 
26]. It is high temperature endothermic process so external heat is required to convert 
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methane. In SMR natural gas and steam mixture is converted to hydrogen, carbon monoxide 
and carbon dioxide at high temperature and in presence of catalyst. The reactions involved in 
steam reforming are as follows, 
𝑪𝑯𝟒 + 𝑯𝟐𝑶 ⇌ 𝑪𝑶 + 𝟑𝑯𝟐 … … ,∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = 𝟐𝟎𝟔… … … … … … … … … … … …𝟏.𝟏 
𝑪𝑶 +  𝑯𝟐𝑶 ⇌  𝑪𝑶𝟐 +  𝑯𝟐 … … ,∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = −𝟒𝟏… … … … … … … … … … … …𝟏.𝟐 
Reaction Eq. 1.1 is the energy intensive steam reforming and reaction Eq. 1.2 is water 
gas shift (WGS) reaction. Though water gas shift reaction provides some heat in the steam 
reforming process, still it requires certain amount of heat to run the reaction in high 
temperature to get high methane conversion. In SMR it is essential to operate the reforming 
process at high steam to carbon ratio for suppressing the carbon formation on catalyst [27]. 
Standard reforming catalysts are highlighted in Fig. 1.2.   
 
 
Figure 1.2 Standard Reforming Catalysts (highlighted) 
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Steam reforming is an effective process for hydrogen production as it has higher (~ 3) 
H2/CO ratio. But when the downstream requirement  of molar ratio H2/CO or stoichiometric 
number (H2–CO2)/(CO+CO2) close to 2 (FTS, methanol or DME) [11, 18], aditional CO2 
need to supply to the system in addition to access steam. That incurs the requirement of large 
reaction chember, which leads to high capital cost and large reactor footprint [28]. Therefore 
steam reforming is not a convenient reforming process to convert natural gas in stranded 
areas to produce fuels and chemicals through FTS or methanol synthesis or DME production. 
Other major reforming processes, such as, DRM, CPOx and ATR are discussed in the 
following sections.  
1.4.1 Dry reforming of methane 
CO2 (dry) reforming of methane (DRM) is an attractive method to utilize two 
greenhouse gases CO2 and CH4 in large amount [29]. This is also an endothermic process 
where, methane and carbon dioxide mixture is converted to syngas in the presence of catalyst 
at high temperature (Schematic diagram in Fig. 1.3). DRM reaction is described as following 
(Eq. 1.3)  
𝑪𝑯𝟒 +  𝑪𝑶𝟐  ⇌ 𝟐𝑪𝑶 + 𝟐𝑯𝟐 … … ,∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = 𝟐𝟒𝟕… … … … … … … … … … … …𝟏.𝟑 
𝑪𝑶𝟐 +  𝑯𝟐  ⇌ 𝑪𝑶 + 𝑯𝟐𝑶 … … ,∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = 𝟒𝟏… … … … … … … … … … … … …𝟏.𝟒 
The reaction equilibrium of DRM is influenced by the simultaneous reverse water gas 
shift (rWGS) reaction (Eq. 1.4), which results in a H2/CO ratio of less than unity and higher 
CO2 conversion than CH4 conversion. Therefore DRM produces CO rich syngas which is a 
desirable chemical feedstock for the production process of oxy-alcohols and methanol.  
Catalytic combustion of methane and combustion of the liquid fuels derived from 
syngas eventually contribute significant emission of CO2 [30] and this carbon emission in the 
atmosphere is expected to increase with the increasing population, growing energy demand 
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and as an alternative energy source to crude oil and coal. Therefore, it is essential to integrate 
the CO2 capture and subsequent sequestration technologies, to offset the CO2 emission 
associated with the catalytic combustion and conversion of methane [31, 32]. Catalytic dry 
reforming of methane using CO2 has the potential to chemically sequester CO2 as carbon 
feed stock and react with methane to produce CO rich synthesis gas [33]. The potential to 
convert the highly stable molecules like CH4 and CO2 into a useful intermediate such as 
syngas is the potential way of chemical fixation of CO2. 
 
Figure 1.3 Schematic diagram of dry reforming process 
 
DRM is not an industrially established process due to some of its limitations. Firstly, 
from the enthalpy of the reaction Eq. 1.3, it is evident that this DRM reaction is highly 
endothermic, so it needs to operate in high temperature.  
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DRM process requires a concentrated source of CO2, which can partially offset the 
low capital investment associated with this reforming process. However, there are low grade 
natural gases, biogas and landfill gas nearly have the equal ratio of methane and CO2, and 
therefore these gases can be used directly to produce syngas [34, 35]. 
The main disadvantage of dry reforming of methane is lack of stable commercial 
catalyst [36]. Catalyst deactivation is the key issue in DRM process. According to Edwards 
and Maitra, net carbon deposition is more likely higher on reforming catalyst in dry 
reforming of methane [37].     
Two carbon deposition side reactions occur during CO2 dry reforming of methane. 
These reactions are methane decomposition (Eq. 1.5) and Boudouard (CO disproportionation) 
reactions (Eq. 1.6). 
𝑪𝑯𝟒  ⇌ 𝑪 + 𝟐𝑯𝟐 … … ,∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = 𝟕𝟓… … … … … … … … … … … … … … … … …𝟏.𝟓 
𝟐𝑪𝑶 ⇌ 𝑪 + 𝑪𝑶𝟐 … … ,∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = −𝟏𝟕𝟐 … … … … … … … … … … … … … … … …𝟏.𝟔 
Using standard free energies calculations, Wang et al. [29] calculated the limiting 
temperatures of all reactions involved in DRM reaction. From the calculation they reported 
that, carbon mostly formed within the temperature range 557-700 °C, as a result of both 
Boudouard process and methane decomposition process. From the experimental results of 
Zhang et al. [38] it is illustrated that, the equilibrium constant of the DRM reaction increases 
significantly with increasing reaction temperature due to strong endothermicity. In contrast, 
Boudouard reaction is unfavorable at high temperature because of exothermic reaction. 
Hence, equilibrium conversion of the DRM reaction increases much higher than those of the 
side reactions (Eq. 1.5 and 1.6) at high reaction temperatures (i.e. 750 °C and above). There 
were many studies [39-41] focused on calculations, that predict the thermodynamic of 
potential graphic carbon deposition for different operating conditions of gas mixtures 
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containing CH4, CO2, H2, and H2O. From the calculations, they suggested operation for the 
DRM reaction at higher temperature, ~ 727 °C, and with CO2/CH4 ratios above unity to 
avoid potential carbon formation. 
However, from an industrial point of view, lower temperature with CO2/CH4 ratios 
near unity is preferred for cheaper operating cost. Therefore, a lot of studies have been 
performed to develop a catalyst which incorporates a kinetic inhibition of carbon formation 
with CO2/CH4 ratios near unity. 
1.4.1.a) Non-noble metal catalysts 
Supported group VIII transition metal catalysts have been extensively studied for dry 
reforming of methane. Few non-noble metals (e.g. Ni, Co) and most of the noble metals (e.g. 
Ru, Rh, Pt, Pd) have been found to be catalytically active towards this reaction [42-46]. Ni is 
the most studied catalyst in reforming of methane. The major drawback associated with the 
supported nickel catalysts is their tendency to produce significant amounts of different types 
of carbon and some of them eventually reduces their stability by blocking the active nickel 
sites[47]. Another challenge is to keep nickel in the metallic form on the support, otherwise 
its oxidation reduce its activity. To avoid the carbon formation, the DRM processes are 
usually run at higher temperatures, which enhance the sintering of nickel particles and reduce 
the dispersion[48], which eventually reduce the activity over time. 
Therefore, it is essential to identify the strategies to improve the nickel catalysts by 
making high coke resistant, dispersed and oxygen tolerant nickel catalyst. This can be 
achieved by developing better support [49-51] or adding suitable promoter to Ni catalyst [52, 
53] or preparing active Ni based bimetallic catalysts  [38, 54]. 
Al2O3 is widely used support for methane reforming Ni catalysts due to its 
mechanical and thermal resistance at the reaction conditions. Ruckenstein and Hu [55] 
studied Ni catalysts supported on Al2O3, SiO2 or TiO2. They found that the activity and 
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selectivity of Ni-supported catalysts depended on the nature of support and decreased with 
order of Ni/Al2O3> Ni/SiO2> Ni/TiO2. The low activity in Ni/TiO2 catalyst is due to strong 
metal support interaction (SMSI). During reduction, TiOx molecules migrate over the surface 
of Ni particles, thus it blocks active sites and leads to a decrease in surface free energy of the 
system. Similar results were also obtained by Wang and Lu [56]. Their results showed that 
Ni/Al2O3 catalyst had very high activity, stability and high coking compared to Ni/CeO2 
catalyst. They believed that the same reason of strong metal-support interaction (SMSI) for 
low activity of Ni/TiO2 catalyst could be applied for Ni/CeO2 catalyst. 
Bradford and Vannice [57] studied nickel catalysts supported on MgO, TiO2, SiO2, or 
activated carbon. They found that different catalyst supports provide remarkable influences 
on catalyst activity and carbon deposition resistance. Ni/SiO2 and Ni/C catalysts had similar 
catalytic activity, but there was a considerable amount of filamentous carbon formation 
observed over Ni/SiO2 catalyst. However, the initial loss of catalytic activity on Ni/SiO2 
catalyst was negligible. They identified that the lack of metal-support interaction in Ni/SiO2 
catalyst promoted the substantial formation of filamentous whisker carbon. They also 
confirmed strong metal-support interaction (SMSI) on Ni/TiO2 catalyst through identification 
of TiOx phases. On the other hand, although the activity of Ni/MgO catalyst was the least 
active of all tested catalysts, Ni/MgO catalyst showed stable activity without detectable 
deactivation for up to 44 hours. 
Horiuchi et al. [58] reported that base additive such as Na2O, K2O, MgO, and CaO 
decreased carbon deposition in methane reforming with CO2 as well as in thermal 
decomposition of methane. They explained that the added basic metal oxides enhanced CO2 
adsorption, which increases the amount of adsorbed oxygen atoms. These higher number of 
adsorbed oxygen atoms reacts with adsorbed hydrogen-deficient hydrocarbon species and 
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liberated CO, eventually reduces the decomposition of adsorbed hydrogen-deficient 
hydrocarbon species to surface carbon. 
Another unique catalyst support that was frequently reported for a number of catalyst 
systems in various catalytic reactions is ZrO2. Hally et al. [59] studied the zirconia-supported 
nickel catalysts with emphasis on the stability of the catalysts and reported that the Ni/ZrO2 
catalyst with lower metal loading (<2%) was very stable for a stoichiometric CO2/CH4 ratio.  
But the stability of Ni/ZrO2 catalyst also depended largely on the preparation method 
of the support. Wei et al. [60] reported very high conversion of CH4 as well as CO2 and 
stable catalytic performance over 600 h using Ni catalyst over Zr(OH)4 ultra-fine support. 
While, Ni-based catalyst over Zr(OH)4 prepared using co-precipitation method only showed 
high performance up to 50 h, after which, deactivation took place. The similar results were 
reported by Rezaei et al. [61], who showed Ni catalyst over nano-crystalline ZrO2 
synthesized using surfactant-assisted method gave high CH4 conversion. The other catalyst 
support which has unique property in CO2 reforming of methane is La2O3, which can form 
oxycarbonates species during introduction of CO2 gas [62, 63]. According to Zhang and 
Verykios [63], methane gas dissociates on the metal to form carbon and hydrogen, while 
carbon dioxide is adsorbed on and reacted with lanthana support to form La2O2CO3 
(lanthanum oxycarbonate) during DRM reaction. The oxygen species from La2O2CO3 were 
proposed to interact with carbon species from methane decomposition to form carbon 
monoxide gas, resulting in the ease in removal of surface carbon species. 
Many promoters have been used to improve the performance of Ni catalyst. Halliche 
et al. [64] investigated the effect of metal additive such as Co, Ce, Cu, or Fe on Ni/Al2O3 
catalyst activity in CO2 reforming of methane. They found that the order of activity was Ni, 
Ni-Co, Ni-Ce> Ni-Cu> Ni-Fe and reported that the activities of those catalysts depended on 
the nature of metal additives and their interaction with the nickel active phase. Choi et al. [65] 
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also examined the effect of Co, Cu, Zr, Mn, Mo, Ti, Ag, or Sn as promoter for Ni/Al2O3 
catalyst. In comparison with the unmodified Ni/Al2O3 catalyst, they reported that those 
catalysts modified with Co, Cu, or Zr exhibited slight improvement on catalyst activity, 
whereas other promoters reduced the catalyst activity. Addition of Mn boosts up coke 
resistance within the catalyst with a slight reduction in catalytic activity. Seok et al. [66] 
explained that the addition of manganese to Ni/Al2O3 catalyst resulted a partial coverage of 
nickel surface by patches of MnOx. The presence of manganese promoted the adsorption of 
CO2. These results were also observed in Ni/Mo-Al2O3 catalyst, which showed improvement 
in catalyst stability by reducing the carbon deposition [67]. 
Various studies in the literature reported that, addition of alkaline earth oxides 
including MgO [68], CaO [69] or rare earth oxides such as La2O3 [70] and CeO2 [71, 72] to 
supported nickel catalysts, significantly prevent the coke formation and increased the activity 
of the catalyst for longer periods of time. Addition of these promoters improve the catalyst 
performance by increase the basicity of the support, thereby increasing the concentration of 
acidic CO2 on the surface of catalyst which eventually increases the oxidation rate of the 
surface carbon. Secondly these promoters enable better dispersion of nickel on the surface 
and retaining smaller particles size [36]. Moreover, these promoters to the support prevent the 
formation of non-active bulk and filamentous carbon formation on the surface of nickel 
catalysts through better metal-support interaction. According to Amin et al. [73], addition of 
Yb preferentially interact with the alumina support thereby reduce the formation of a spinel 
structure between Nickel and Alumina.  
Mesoporosity of alumina support is also a critical factor to improve its dispersion and 
responsible for its higher activity [74]. Higher surface area of mesoporous alumina supports 
was found to be effective in increasing Ni dispersion, which prevents the sintering and 
migration effects of nickel particles.  
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Cobalt based catalyst was also investigated intensively for DRM reaction. It was 
reported that carbon deposition on Co/Al2O3 catalyst is much greater than that on Ni/Al2O3 
catalyst [75]. Ruckenstein and Wang [76] studied carbon deposition on Co/Al2O3 catalyst 
with varying metal content and found that the stability of Co/Al2O3 catalysts was strongly 
dependent on the Co loading and calcination temperature. Different calcination temperature 
formed different type of Co particles, such as Co3O4, Co2Al2O4, or CoAl2O4. According to 
them, the presence of reductive (CH4, H2, and CO) and oxidative (CO2 and H2O) species in 
the reactor would lead to severe catalytic deactivation. The reductive species stimulated the 
regeneration of metallic Co and the dissociation of CH4, while the oxidative species favored 
the oxidation of metallic Co sites.  
Ruckenstein and Wang [77, 78] also investigated Co catalyst supported on an alkaline 
earth metal oxide (MgO, CaO, SrO, or BaO) as well as on SiO2. The Co/MgO catalyst 
showed a high and stable activity without any deactivation for 50h of reaction time. However, 
the Co/-Al2O3, Co/SrO, and Co/BaO catalysts gave an initial high CO yield, which rapidly 
decayed, while the Co/CaO catalysts exhibited a low CO yield and stability. The high activity 
and stability in Co/MgO catalyst was characterized by formation of solid solution (Co, Mg)O. 
According to Guerrero-Ruiz et al. [79], the presence of MgO enhanced the formation of 
strongly adsorbed CO2 species, which can easily react with the deposited carbon. Therefore, 
the carbon deposition on the surface of cobalt catalyst was markedly decreased and catalyst 
deactivation was prevented.  
1.4.1.b) Noble metal catalysts 
Noble metals were extensively used as catalyst for many reactions, including DRM 
reaction. Many studies showed that the activity and stability on noble metal catalysts for 
DRM reaction are much higher than the ones on non-noble metal catalysts. So far, there were 
many studies used the supported precious metals including Rhodium (Rh), Ruthenium (Ru), 
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Iridium (Ir), Platina (Pt), and Palladium (Pd). Rezaei et al. [80] studied alumina-magnesia 
spinel supported noble metal catalysts (Rh, Ru, Ir, Pt, and Pd) and found that rhodium and 
ruthenium showed high activity and stability among the rest due to formation of more 
reactive carbon; identified as superficial carbide. Rhodium based catalyst has been 
investigated by many researchers, for example, Zhang et al. [81]. According to them, the 
specific activity of Rh catalysts was found to be strongly dependent on catalyst support and 
sensitive to the metal particle size. The activity was found to decrease with increasing metal 
particle size. The deactivation rates showed the decreasing order of Rh/TiO2>> Rh/Al2O3> 
Rh/SiO2. They explained that Rh/SiO2 catalyst showed good stability due to the fact that 
SiO2 was inert and capable of exhibiting weak or no metal-support interaction. In contrast, 
Rh/TiO2 catalyst showed strong metal support interaction (SMSI) causing poor stability. 
According to Yokota et al. [82] who also studied the effect of catalyst support on Rh 
catalysts, the Rh dispersion was relatively low on the small specific surface area support and 
increased with increasing surface area. They also found that turn over frequency (TOF) 
decreased with increasing dispersion of Rh. Hence, TOF for CH4 conversion decreased in the 
order of Rh/TiO2> Rh/La2O3 = Rh/CeO2> Rh/ZrO2 = Rh/MgO = Rh/SiO2 = Rh/MCM-41> 
Rh/γAl2O3. Further studies using XANES discovered that Rh existed as metal on TiO2 while 
Rh on Al2O3 acted as a cationic character. Therefore, it was identified that that structure 
sensitive rhodium plays a vital role in DRM reaction.  
Modified alumina support by Zr, Mg, Ni, Ce, and La oxide for Rh catalyst was 
investigated by Drif et al. [83]. The activity ranking they found was Rh/NiO–Al2O3> 
Rh/Al2O3> Rh/MgO–Al2O3 ≈ Rh/CeO2–Al2O3> Rh/ ZrO2–Al2O3> Rh/La2O3–Al2O3. They 
found presence of NiAl2O4 spinel phase and suggested that Ni is going to the support and 
leave Rh active by preventing them from migration in the support. They also explained that 
presence of Ni increase the dispersion of Rh in the support.  
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Supported Platinum (Pt) catalysts were also investigated extensively for DRM 
reaction. Nagaoka et al. [84] studied carbon deposition over Pt/Al2O3 and Pt/ZrO2 catalysts 
and reported that both Pt particle and Al2O3 support formed coke. However, coke formed on 
Pt particles was easily oxidized by CO2, but coke on Al2O3 support was not reactive at all. In 
addition, they also reported that coke was hardly formed on ZrO2 support. Therefore, they 
concluded that the main reaction between CO2 and CH4 on all Pt particles occurred without 
significant participation of the support. Further studies over Pt/Al2O3 and Pt/ZrO2 catalysts 
were performed by Souza et al. [85, 86]. Their results showed that the catalyst support played 
an important role in the activity and stability of catalyst. They also confirmed that Pt/Al2O3 
catalyst showed fast deactivation because of the rate of high carbon formation during DRM 
reaction. Meanwhile, addition of a small amount of ZrO2 (> 5%) to Pt/Al2O3 catalyst 
improved its stability and activity.  
Bitter et al. [87] informed that the stability of Pt catalysts increased in the order of 
Pt/ZrO2> Pt/TiO2> Pt/γAl2O3, while the carbon formation rate decreased in the order of 
Pt/ZrO2 <Pt/TiO2 <<Pt/γAl2O3 [88]. These results indicated that supported platinum 
catalysts deactivated predominantly because of carbon formation, which blocks the active 
platinum site. 
Pd-based catalyst for CO2 reforming of methane was studied in depth by Schulz et al. 
[89]. According to them, Pd/α-Al2O3 catalysts of low metal loading (<1%) has high initial 
activity for dry reforming but deactivates very quickly due to carbon build up. Carbon 
deposition for Pd-based catalysts can be controlled by the addition of promoter such as Ce.  
1.4.1.c) Bimetallic catalysts 
Bimetallic catalyst development for DRM reaction is relatively new concept. In 
literature, bimetallic catalyst studies mostly focused on Ni and Co bimetallic catalysts [90]. 
Since noble metals show better performance but are more expensive than non-noble metals, 
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the addition of small amount of noble metal to nickel or cobalt catalyst is also extensively 
investigated [91]. 
According to Luisetto et al. [54] bimetallic Ni-Co/CeO2 has shown better activity and 
selectivity than monometallic Ni/CeO2 and Co/CeO2 for dry reforming of methane. They 
suggested that, an intrinsic property of Ni-Co alloy improve the catalytic activity of 
bimetallic Ni-Co/CeO2 catalyst. Similar study was carried out by Ay and Uner [92]. They 
found that, Ni/CeO2 and Ni-Co/CeO2 are more active and more carbon resistant that 
monometallic Co. They explained the poor activity of Co/CeO2 was due to the strong metal 
support interaction (SMSI) between Co and CeO2.  
San-Jose-Alonso et al. [93] studied Ni-Co catalyst on alumina support. They reported 
that Co rich bimetallic catalyst showed better activity. However, Co rich catalysts formed 
large particle after DRM due to non-deactivating carbon deposition. Another study on 
alumina supported Ni-Co bimetallic catalyst was reported by Sajjadi et al. [94]. They 
prepared bimetallic alumina supported Ni-Co and Ni-Cu by sol-gel method, and Ni-
Co/Al2O3 showed better activity then Ni-Cu/Al2O3.     
Itkulova et al. [91] investigated the addition of noble metal such as Ir, Rh, Pt, or Pd to 
Co/Al2O3 catalyst with Co/M ratio of 1/1. All bimetallic catalysts showed strong resistance 
to coke formation, which was identified by the absence of the weight loss from the TGA of 
spent catalysts in the flow of air. Similar results were reported by Nagaoka et al. [95], who 
investigated addition of trace amount of Pt or Ru to Co/TiO2 catalyst. The addition of noble 
metals improved the catalytic stability of Co/TiO2 catalyst drastically. Moreover, they found 
that cobalt was easier to be reduced in the presence of noble metal and suggested that the 
catalyst reducibility might play an important role in DRM reaction. Chen et al. [96] reported 
that although solid solution Ni/MgO catalyst had a stable activity in DRM reaction, the 
deactivation was still observed at low temperature 500 °C due to oxidation of Ni active 
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species. The addition of small amounts of Pt, Pd, or Rh to Ni/MgO catalyst increased the 
catalyst activity and stability significantly.  
Jozwiak et al. [97] studied Rh incorporation with Ni supported on SiO2 catalysts and 
experienced higher activity in both Rh/SiO2 and Ni-Rh/SiO2 catalysts. They reported about 
Rh-Ni alloy formation and Ni rich-surface alloy formation in the bimetallic Ni-Rh/SiO2 
catalyst. The catalyst activity of Rh-Ni bimetallic supported on amorphous silicate was found 
to be different from the other silicate supported bimetallic catalysts [98]. Monometallic 
Ni/TUD-1 exhibited better activity and stability compared to bimetallic Ni-Rh/TUD-1. 
1.4.2 Catalytic partial oxidation of methane 
Catalytic partial oxidation (CPOx) is an exothermic reforming process to produce syn 
gas, where CH4 is oxidized to CO and H2 in the presence of catalyst (Fig. 1.4). Besides the 
main reaction, a lot of side reactions may occur during CPOx. Below are overall reactions 
possibly occurred in CPOx process [99]. 
CPOx 
𝑪𝑯𝟒 +  𝟏 𝟐� 𝑶𝟐  →  𝑪𝑶 +  𝟐𝑯𝟐 … … ∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = −𝟑𝟓.𝟕… … . … … … … … …𝟏.𝟕 
Combustion 
𝑪𝑯𝟒 +  𝟐𝑶𝟐  →  𝑪𝑶𝟐  +  𝟐𝑯𝟐𝑶… … ∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = −𝟖𝟎𝟑… … . … … … … … …𝟏.𝟖 
Methanation 
𝑪𝑶 + 𝟑𝑯𝟐  →  𝑪𝑯𝟒 +  𝟐𝑯𝟐𝑶… … ∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = −𝟐𝟎𝟔.𝟐 … … . … … … … … …𝟏.𝟗 
Water gas shift (Eq. 1.2), Methane decomposition (Eq. 1.5) and Boudouard (Eq. 1.6). 
 As CPOx is an exothermic reaction, it is more energy efficient and economical then 
SMR and DRM. Another attractive side of CPOx is that it produces syngas having molar 
ratio of H2 to CO close to 2 when the reaction is carried out according to stoichiometric ratio. 
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Synthesis gas with molar ratio H2/CO~2, containing little CO2 is an ideal feedstock for 
downstream processes [100], such as methanol synthesis, Fischer-Tropsch, DME production 
etc. From industrial point of view CPOx require less investment and less production scale to 
achieve the same or larger capacity as it can be operated at very high gas hourly space 
velocity (GHSV) [101]. But for decades CPOx has been practically overlooked after it first 
reported in 1946 by Prettre et al. [102]. 
 
 
Figure 1.4 Schematic diagram of catalytic partial oxidation 
 
Prettre et al. [102] used 10wt% Ni catalyst supported on refractory to produce syngas 
via CPOx at temperature between 700-900 °C. The observed exit gas composition had good 
agreement with the calculated equilibrium gas composition, indicating that thermodynamic 
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equilibrium was achieved under all investigated conditions. But rapid carbon build up 
occurred on the metal catalysts at the stoichiometric methane-to-oxygen ratio.  Unlike steam 
reforming, for the reduction of undesirable carbon formation, oxygen-to-methane ratio in the 
feed cannot be increased here without also increasing the potential explosion hazards [103].   
The CPOx reaction generally operates at a very small contact time. Since the reaction 
is very exothermic, a high methane conversion with very high space velocity produces 
enormous amount of heat which lead to a sharp adiabatic temperature rise. This sudden 
temperature rise is difficult to control and eventually creates hot spots which deactivate the  
catalyst [104]. Therefore, development of high-temperature stable catalyst with considerable 
activity and selectivity towards CPOx is now the focus to reduce active metal sintering during 
methane partial oxidation. 
Last few decades, extensive efforts have been made to investigate noble metal and 
non-noble metal catalysts for syngas production from the CPOx reaction. 
1.4.2.a) Non-noble metal catalysts 
Among the non-noble metal catalysts, nickel based catalysts have been investigated 
extensively since 1990. Problem associated with Ni catalyst is low stability due to carbon 
deposition and active metal sintering [105]. Hence, extensive efforts have been taken to 
develop high stability nickel catalyst and high resistance to metal sintering by incorporation 
in suitable supports, such as CeO2 [106], SrTiO3 [107], MgO, CaO [108], and La2O3 [109]. 
Choudhary et al. screened NiO/CaO [110], Ni/Al2O3 [111], Ni/rare earth oxide [112], 
and Co/rare earth oxide [113] catalysts for catalytic partial oxidation of methane and found 
high activity and selectivity for all the catalysts.  
Choudhary et al. [114] also investigated the NiO-MgO catalyst over low surface area 
catalyst support and found that the methane conversion and product selectivity of the 
unsupported NiO-MgO catalyst were higher than those supported on low surface area 
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support. However, when the catalyst was prepared by depositing NiO on the MgO pre-
coated- catalyst support, it showed comparable performance to that of the unsupported NiO-
MgO catalyst. The difference was attributed by the role of MgO, which help to avoid the 
chemical interaction of NiO and the support. MgO provide a stable protective layer to 
stabilize nickel on the support surface against sintering by forming a NiO-MgO solid 
solution. i.e. nickel ions evenly dissolved in the crystal lattices of MgO. Moreover, weak 
basicity of MgO can prevent catalyst from carbon depositing to some extent  
Promoters are generally known to have significant influence in catalyst performance. 
For example, addition of La2O3 to Ni/Al2O3 catalyst was reported to lower down the ignition 
temperature of the reaction [115]. Furthermore, it was reported that the introduction of alkali 
and rare metal earth oxides, such as Li and La oxides to Ni/Al2O3 catalyst formed 
LiNiLaO/Al2O3 compound which showed high conversion of methane and high selectivity to 
CO as well as high coke resistance [116]. Fe was also reported to have positive effect on 
catalytic performance of Ni/La2O3 catalyst [117]. 
1.4.2.b) Noble metal catalysts 
Noble metal catalysts have also been investigated extensively for CPOx reaction. 
Ashcroft et al. [118, 119] investigated the catalytic performance of noble metal catalysts, 
such as Rh, Ru, Pd, Ir, and Pt compared to Ni catalyst supported on alumina. They found that 
all catalysts showed performance near to the equilibrium, probably due to the high 
temperature they used in the reaction, around 777 °C. They also showed that the order of 
carbon formation rate for CPOx reaction was Ni> Pd> Rh> Ir [120].  
Buyevskaya et al. [121] reported that the product distribution on Rh/γAl2O3 catalyst 
was strongly affected by degree of surface reduction. Moreover, methane oxidation 
proceeded via a redox mechanism with lattice oxygen to produce CO2. This CO2 was found 
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to react with surface carbon species via reverse Boudouard reaction to form CO. Similar 
results were also obtained for Pd/γAl2O3, Ru/γAl2O3, and Pt/γ Al2O3 catalysts. 
Baranova et al. [122] investigated Rh/YSZ catalyst promoted with TiO2 and reported 
that the remarkable increase in catalytic activity of Rh catalyst was affected by interfacing 
polycrystalline Rh films with a dispersed TiO2 interlayer deposited on YSZ. The main reason 
of increase in catalytic activity was the more reactive surface Rh oxide against metallic Rh.  
Matsui et al. [123] investigated the reactivity of carbon species on noble metal 
catalysts, such as Ru over few commercial supports and reported that the reactivity of carbon 
species (CHx) from methane decomposition on Ru catalyst depended on the supports. 
Ru/La2O3, Ru/Y2O3, and Ru/ZrO2 catalysts gave higher reactivity than Ru/Al2O3 catalyst 
since they produced more uniform and reactive carbon species. Boucouvalas et al. [124] 
reported that Ru/TiO2 catalyst exhibited high selectivity to syngas in the methane conversion 
range below 25%, while Ru/SiO2, Ru/γAl2O3, and Ru/YSZ catalysts showed zero selectivity 
under similar condition. Further observation using isotopic labeling experiments on Ru/TiO2 
catalyst showed that the direct partial oxidation route was largely responsible for the high CO 
and H2 selectivity. Elmasides et al. [125] further investigated the excellence of Ru/TiO2 
catalyst using XPS and FTIR. They reported that reduction temperature played an important 
role in direct route of syngas formation on Ru/TiO2 catalyst. During hydrogen treatment at 
300 °C, the Ru/TiO2 catalyst was incompletely reduced and oxidized Ru species were 
detected in the introduction of methane-oxygen mixture at 500 °C and 700 °C. In contrast, 
ruthenium was fully reduced during hydrogen treatment at 550 °C and no re-oxidation of Ru 
was observed during treatment with methane-oxygen mixuture, indicating the presence of 
interaction between Ru and TiO2. This interaction was claimed to be the main reason to 
promote the direct route of syngas formation. 
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Ashcroft et al. [126] reported the use of pyrochlore type of rare-earth ruthenium 
catalysts, Ln2Ru2O7 (where Ln is lanthanide) such as Pr2Ru2O7, Sm2Ru2O7, Eu2Ru2O7, 
Gd2Ru2O7, Tb2Ru2O7, Dy2Ru2O7, Tm2Ru2O7, Yb2Ru2O7, and Lu2Ru2O7. Pure ruthenium 
oxide was found to be less effective compared to the rare-earth pyrochlore catalysts. Further 
examination of the catalysts after reaction showed reduction had occurred giving ruthenium 
metal particles on the surface of a defect fluorite (Ln, Ru) O2-x.  
Nakagawa et al. [127] investigated the effect of supports over iridium catalyst in POM 
reaction and reported that the catalyst activity decreased with the order of Ir/TiO2≥ Ir/ZrO2≥ 
Ir/Y2O3> Ir/La2O3> Ir/MgO≥ Ir/Al2O3> Ir/SiO2. The enhanced activity of Ir/TiO2 catalyst 
was reported due to its resistance to carbon deposition [128].  Jones et al. [129] examined 
europium iridate (Eu2Ir2O7) catalysts and showed that the unreduced europium iridate was 
inactive. However, during catalyst reduction, it was active to produce syngas since it 
decomposed to iridium metal supported on europium oxide, Eu2O3.  
Otsuka et al. [130] investigated performance of CeO2 for POM reaction and obtained 
the H2/CO (syngas) ratio of 2.0. However, the formation rate of H2 and CO can be 
remarkably enhanced by adding Pt as a catalyst. The enhancement of methane conversion due 
to the presence of noble metals such as Rh or Pt was also reported by Fathi et al. [131]. They 
observed that the reducibility of cerium oxide was significantly enhanced by adding Rh or Pt. 
Further observation showed that product ratio of H2/(H2O+H2) and CO/(CO2+CO) increased 
with increasing degree of reduction of the cerium oxide, indicating that carbon was formed 
on reduced Pt and Rh.  
Yan et al. [132] studied the effect of modifying Pt/Al2O3 catalyst with CeO2 and 
found that the addition of ceria could enhance the Pt dispersion, decrease the Pt crystalline 
size, and increase the product selectivity. The optimal amount of CeO2 was 1-2wt%. They 
also reported that cerium oxide promoted water gas shift (WGS) reaction by a redox cycle 
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mechanism, which increased the hydrogen selectivity. Mattos et al. [133] also investigated 
effect of addition of ceria to Pt/ZrO2. Compared to Pt/ZrO2 catalyst, Pt/Ce-ZrO2 catalyst was 
more active, stable, and selective due to higher reducibility and oxygen storage/release 
capacity. These two properties allowed a continuous removal of coke deposition from the 
active sites and favoring the stability and activity of the catalyst.  
Fangli et al. [134] investigated the influence of catalyst supports on palladium catalyst 
and reported that Pd/CeO2-ZrO2 catalyst exhibited higher catalytic activity and stability 
compared to Pd/γAl2O3. The main reason of high stability was lower carbon deposition rate 
due to lattice oxygen mobility of CeO2-ZrO2. Furthermore, effect of promoter addition to 
Pd/Al2O3 catalyst was investigated by Feio et al. [135]. They reported that Pd/Al2O3 catalyst 
deactivated during POM reaction while CeO2-promoted Pd/Al2O3 catalyst showed higher 
stability with higher CeO2 loading. They found that the crystal size of ceria increased with 
increase in CeO2 loading or calcination temperature. In contrast, the dispersion of Pd 
decreased with either use of supports calcined at lower temperature or increase of CeO2 
loading. The increase of activity and stability with decreasing Pd dispersion was attributed to 
the partial coverage of Pd by [CePdxO]Pd° species, which showed high activity to promote 
coke gasification. Furthermore, Ryu et al. [136] pointed out that, compared to Pd/γAl2O3 
catalyst, Pd/CeO2/Al2O3, Pd/CeO2/BaO/Al2O3, Pd/CeO2/BaO/SrO/Al2O3 catalysts 
exhibited higher catalyst activity. Further observations concluded that addition of BaO gave a 
more stable support, while addition of ceria improved both the activity of the Pd catalyst and 
the thermal stability of the support. When ceria and BaO were added together to Pd/Al2O3, 
the improvement in activity of the Pd catalyst and the thermal stability of the support were 
observed. It was also reported that the addition of BaO, CeO2, or BaO–CeO2 to γAl2O3 
prevented the transformation of alumina phase during the 3-day aging process at 1000 °C. 
Addition of small amounts of SrO to the CeO2/BaO/Al2O3 support improved the dispersion 
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of the Pd into the support, which led to higher catalyst activity. The other role of SrO was to 
increase the thermal stability by minimizing the deactivation from sintering of Pd particles. 
The optimum composition of Pd catalyst which gave the highest activity and the best thermal 
stability was Pd/CeO2/BaO/SrO/Al2O3. 
1.4.2.c) Hydrotalcite support 
Hydrotalcite-type (HT) compounds are layered materials of having the general 
chemical formula [M1−x 2+Mx 3+(OH)2](An−)x/nmH2O of where the M2+ and M3+ are metal 
cations, A is an anion, n is the charge of the anion, and m is the number of interlayer water 
molecules [137]. Recently these materials after calcination were vastly utilized as catalyst 
support for their improved dispersion activity and better resistance to sintering [138]. It is 
reported that calcined hydrotalcite support can minimize the carbon formation in CPOx 
reaction by providing suitable basicity to the support [138-140].  
1.4.3 Autothermal reforming  
Autothermal reforming (ATR) is a combination of non-catalytic partial oxidation 
(POM) and/ or total oxidation of methane and steam methane reforming [141]. In a 
conventional ATR process, a special burner, a combustion chamber then a catalyst bed are 
placed in a refractory lined reactor (Fig 1.5). Therefore, required heat for endothermic steam 
and/or CO2 reforming is supplied from exothermic oxidation of methane.  The reactions for 
this process are, 
Oxidation 
𝑪𝑯𝟒 +  𝟏 𝟐� 𝑶𝟐  →  𝑪𝑶 +  𝟐𝑯𝟐𝑶… … ∆𝑯𝟐𝟗𝟖°𝒌 𝑲𝑱𝒎𝒐𝒍 = −𝟓𝟐𝟎… … . … … … … … …𝟏.𝟏𝟎 
along with SMR (Eq. 1.1) and water gas shift (Eq. 1.2) reactions. 
Autothermal reforming of methane has received much attention in literature in recent 
past. The main advantage in this process is to utilize the heat produced from the methane 
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combustion to drive the endothermic steam and CO2 reforming. Therefore, it is an energy 
intensive process and doesn’t need any external heating. Exothermic, endothermic, and 
thermo-neutral condition can be selected by choosing an appropriate ratio of hydrocarbon to 
steam. Another benefit of ATR which makes it more desirable for large scale industrial use is 
its capability of producing syngas at higher pressure [23]. ATR has versatile operating 
conditions. With the help of reaction optimization low methane content product gas can be 
produced from oxygen blown ATR [142]. The high-pressure operation is preferred for few 
GTL downstream processes, as it reduces the compression cost of syngas, thus the footprint 
of the process, which eventually improve the process economics.  
 
Figure 1.5 Schematic diagram of conventional autothermal reforming 
 
Production of tailored syngas with a wide range of H2/Co ratio makes the ATR 
process a beneficial one as it can be used with various downstream processes [143-145].  
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Considering all before mentioned advantages, Aasberg-Petersen et al. [146]  identified 
oxygen blown autothermal reforming  a safe and economic choice for large scale industrial 
natural gas reforming process to produce syngas. 
However, along all its advantages ATR process has few disadvantages. To get the 
H2/CO ratio ~ 2 this process needs to run at lower H2O/carbon ratio. This environment incurs 
soot formation in the combustion chamber [146]. Moreover, partial or total oxidation of 
methane reactions are much quicker than reforming reactions and produces enormous heat (~ 
1400 °C) which might cause hot spots, and lead to catalyst deactivation. Therefore, a high 
thermal resistant catalyst is required in the entrance of the bed region. 
1.4.3.a) Autothermal reforming catalysts 
As other reforming process Ni is vastly used in autothermal reforming of methane. 
Promoted Ni catalysts is extensively studied for enhance the activity of ATR. Ayabe et al. 
[145] reported a screening results of alumina supported Ni, Rh, Pd, Pt and Co catalysts where 
the activity results were coming in the order of Rh> Pd> Ni> Pt> Co for autothermal 
reforming of methane to produce syngas. They suggested that Ni might be oxidised in the 
presence of oxygen and might cause deactivation of the catalyst. They also reported the 
activity of Ni catalysts with 3 types of supports Ni/Al2O3, Ni/ZrO2 and Ni/SiO2. Ni/Al2O3 
and Ni/ZrO2 showed similar type of activity where Ni/SiO2 showed lower activity. Dias and 
Assaf [147] also reported small amount of Pt, Pd and Ir  effect on Ni/γAl2O3 catalyst. They 
argued that all these metals are contributed to increase active metal surface to increase the 
activity of Ni catalysts. Similar result was reported by Dias and Assaf [148], where Pt, Pd and 
Ir were reduced the reduction temperature of Ni/γAl2O3 catalyst. Among them Pd is the 
promising cost effective option.   
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According to Dantas et al. [149] promoters like Ag, Fe, Pt and Pd doesn’t have much 
effect on structural properties of Ni/CeZrO2 catalysts. Pt and Pd effect the dispersion of Ni on 
the surface and Ag Ni/CeZrO2 have best redox properties.  
Sepehri et al. [150] reported different promoter (La, Zr, Sr, Ce) effect on alumina 
support of Ni catalyst. Ce promoted catalyst showed highest activity during autothermal 
reforming of methane. All promoted catalysts exhibited higher stability and no carbon 
formation.  
Ismagilov et al. [151] studied development and screening of bimetallic Ni–Me/La2O 
(Me = Pt, Pd, Re, Mo, Sn) catalysts. Addition of Pd facilitates the reduction of Ni which 
leads to the decomposition of perovskite structure. On the contrary Pt, Re, Mo and Sn are 
stabilize the structure. 
Supported noble metal catalyst also extensively investigated for autothermal 
reforming of methane to produce syngas. According to Li et al. [152] the activity and order of 
metal dispersion followed the order Rh> Pt> Pd for autothermal reforming of spherical 
alumina supported catalysts. Higher activity of Rh, Pt and Pd are also reported repeatedly in 
literature [153-158].  
1.5 Motivation 
Process intensification of syngas production with desirable syngas composition, heat 
transfer and efficient catalyst is an emerging area of research in the field of energy and fuels.  
All kinds of reforming processes were well studied and integrated with other downstream 
processes by itself or combined with shift reactors to vary the syngas composition. Each GTL 
process requires a specific syngas composition; in particular, the ratio of H2 to CO is crucial. 
The syngas composition obtained from each reforming process is also different and suited to 
use in different downstream conversion processes. As newer natural gas reserves are 
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discovered in the stranded areas, a quest arises for a natural gas reforming process with very 
small footprint for onsite production of syngas. Moreover, produced syngas need to have 
composition and energetics appropriate for downstream methanol, DME or other valuable 
chemical synthesis process. 
Steam reforming of methane is the common method of producing hydrogen in large 
scale (for ammonia plants and fuel cells) and the ratio of H2 versus CO is > 3, which is not a 
desirable composition for Fischer-Tropsch, Methanol synthesis or DME synthesis process 
etc. Whereas, the syngas composition obtained from POM and DRM has 2 and 1 ratio of H2 
to CO respectively, suitable for Fischer-Tropsch, Methanol synthesis or DME synthesis etc. 
Another reforming process of interest is autothermal reforming. The advantage that this 
process has over other reforming processes is tailored syngas composition in the product by 
changing temperature and feed ratios. However DRM, CPOx and ATR processes have major 
challenges to develop highly stable and active catalysts, which can show high resistance 
towards coking, active metal sintering, hot-spots formation and support degradation. 
Developing catalyst formulations to optimize their structural and chemical properties to 
enhance their stability and activity towards the methane reforming is the major challenge and 
set the motivation for the presented work. Therefore, the major objective of this research 
work is to develop stable and active catalysts for reforming process to produce suitable 
syngas composition.  
1.6 Thesis outline 
The work in this thesis describes in depth understanding of three catalytic reforming 
processes and different catalysts associated with the processes. DRM, CPOx and catalytic 
ATR have been performed in this study on suitable respective reforming catalysts.   
The chapter breakdown of the thesis is as follows: 
Chapter 1 
 
36 | P a g e  
 
Chapter 2 listed the materials and methods used to synthesize and characterize the 
reforming catalysts used in the present work. Three different types of catalysts have been 
synthesized with three different methods, which are given in this chapter. This chapter also 
presents the catalyst screening procedure for the three reforming processes to produce syn 
gas. Fresh and spent catalysts are then characterized with different characterization 
techniques. The experimental details of the various characterization techniques used in this 
study, are also described in this chapter. Namely, BET- nitrogen adsorption/desorption 
isotherms, X-ray diffraction (XRD), transmission electron microscopy (TEM), high-
resolution transmission electron microscopy (HRTEM), X-ray photoemission spectroscopy 
(XPS), thermo-gravimetric analysis (TGA), inductively coupled plasma (ICP), temperature 
programmed reduction (TPR). 
Chapter 3 is focused on developing a stable and active catalyst towards CO2 dry 
reforming of methane to produce syngas. Catalytic dry reforming of methane has been carried 
out under different temperature, conversion and stability of each catalyst was being 
monitored. Spent catalyst in each process was studied to understand the amount and the 
nature of carbon species formed during the reforming process.  Nickel, rhodium and cobalt 
are the three active metals used to synthesize active catalysts in their nanostructured form. 
Catalyst compositions were varied from monometallic to bimetallic and further to trimetallic 
on mesoporous alumina support while keeping the total metal composition constant. Methane 
activation depends on active metal of the catalysts and the catalyst stability depends upon the 
composition of the active metal. It was shown that mesoporous alumina supported bimetallic 
NiCo/MAl and RhNi/MAl catalysts exhibited higher methane conversion, syngas selectivity 
and were stable for longer periods of time. Syngas produced in this process has the equal 
composition of CO and H2. 
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Chapter 4 describes the work of optimizing the suitable catalyst towards catalytic 
partial oxidation to produce syngas. The exothermic nature of CPOx often creates hot spots 
on the catalyst surfaces, which contributes to the catalyst deactivation for this process. 
Therefore, it is important to develop supports that can dissipate the heat of the combustion 
process and adsorb CO2 and steam to reform the un-oxidized methane in the feed. 
Hydrotalcites are solid bases and calcination of these materials lead to the formation of mixed 
metal oxides, which are demonstrated to be high temperature CO2 and steam sorbents. Their 
basicity of the support further reduces the level of coking. Hydrotalcites of varying 
aluminium (Lewis acidic sites) and magnesium (Bronsted basic sites) ratio were synthesized, 
calcined and used as supports. 1 wt.% of Rh was deposited on these calcined hydrotalcites of 
MgO and Al2O3 by wet impregnation. All these catalysts were screened for catalytic partial 
oxidation of methane and were found to be active and stable for this process. This study 
identified the alumina and alumina rich calcined hydrotalcites supported Rh were the most 
stable and active catalysts to produce syngas with the composition of 1:2 ratio of CO and H2. 
Calcined hydrotalcites were found to exhibit better heat dissipation than pure MgO and 
Al2O3, therefore prevent the hot spots formation and active metal sintering. 
Chapter 5 is focused on developing a novel dual catalyst bed system, consists of the 
stable reforming catalyst and oxidation catalyst identified from the work presented in chapter 
3 and 4. A new concept of combining oxidation and reforming process by two catalysts was 
proposed, which is significantly different from the conventional ATR process. This dual 
catalyst bed was tested for auto thermal reforming of methane to produce syngas. Advantage 
of this process is the replacement of conventional gas burner by a catalyst. This is a 
promising new approach of ‘catalytic autothermal reforming’ to produce syngas which 
combines catalytic methane oxidation process and catalytic bi-reforming (steam and CO2) of 
methane in the same reactor to produce syngas. Catalytic autothermal reforming can be 
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carried out under high pressure. Detailed characterization of both calcined and spent catalysts 
provided an insight about the probable mechanism of reaction on the dual catalyst bed.  
Finally Chapter 6 provides the summary of the outcomes of this PhD research and 
lists the future research opportunities in this area. 
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2.1 Introduction 
One of the major objectives of the present work is to synthesize inorganic oxides 
supported transition metal catalysts for the syngas production. This catalyst synthesis either 
involves a one step process of making the supported metal catalysts from the metal and 
support precursors or uses a two-step process of making the support first that followed by the 
impregnation of the metal on the support. Three kinds of catalysts were prepared for this 
present work and they are referred as CO2 dry reforming of methane (DRM) catalysts, 
Catalytic Partial oxidation (CPOx) of methane catalysts and Combustion/Oxidation catalysts. 
Therefore, this chapter presents the required materials and methods related to the catalysts 
synthesis in detail.  
The second part of this thesis work is to test/screen the catalysts for three kinds of 
reactions including dry reforming of methane, catalytic partial oxidation of methane and 
catalytic autothermal reforming of methane. This chapter also provides a detailed discussion 
about the reactor, reactant feed composition, reaction conditions and analysis part of the 
reaction.  
The last and most important part of the thesis work is the catalyst characterization 
prior to the reaction and after used in the reaction. Textural and structural properties of 
catalysts were obtained from the X-Ray diffraction technique, N2- sorption isotherms 
respectively. Surface chemical analysis of the catalysts was derived from the X-ray 
Photoelectron spectroscopy XPS technique and bulk metal content was derived from 
Inductively Coupled Plasma (ICP) ICP-OES technique. Thermo-analytical techniques like 
Temperature Programmed Reduction (TPR) and Thermogravimetric Analysis (TGA) were 
carried out to study the reducibility of the catalyst and amount of carbon deposited in the 
spent catalyst respectively. Transmission Electron Microscopy (TEM) was used to image the 
catalyst support morphology, active metal size and their distribution.  
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2.2 Materials 
2.2.1 Chemicals used in catalyst synthesis  
Nickel nitrate Ni(NO3)2.6H2O, Cobalt nitrate Co(NO3)2.6H2O, Rhodium Chloride 
RhCl3, Palladium Nitrate Pd(NO3)2 were the metal precursors used for the present work. 
Aluminum isopropoxide (Al(OPri)3, C9H21O3Al), Aluminum hydroxide Al(OH)3, 
Magnesium hydroxide Mg(OH)2 and cerium nitrate Ce(NO3)3 were the support precursors 
used to make alumina, magniesum oxide, hydrotalcites, ceria alumina supports. Pluronic 
P123 (tri-block copolymer), Urea and lysine were the main organic components used during 
the synthesis of the catalysts and removed from the catalysts during calcination. All the afore-
mentioned chemicals were purchased from Sigma Aldrich and used as-received. 
2.2.2 Gases used in catalyst testing 
Pure gases like Methane (CH4), Oxygen (O2), Argon (Ar) and Nitrogen (N2) were 
used along with two gas pre-mix including Hydrogen-Argon premix (4% H2 in Argon) and 
methane-carbon dioxide-argon premix (25% CH4, 25% CO2 in Argon). A steam 
generator/vaporizer unit was also used to generate steam in autothermal reforming studies.  
2.3 Methods 
2.3.1 Catalysts synthesis 
2.3.1.a) DRM catalysts synthesis 
Mesoporous alumina supported mono, bi and tri-metallic catalysts were synthesized 
using tri-block copolymer P123 directed alumina condensation and subsequent removal of 
the P123 template by calcination. The total weight percentage of all metals was kept as 9% in 
all the catalysts. In a typical synthesis of each catalyst, 4.0 g of pluronic P123 was dissolved 
in 30 ml of ethanol under stirring at room temperature and 8.0 g of Aluminum isopropoxide 
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was added to this solution after complete dissolution of P123. Required amounts of metal 
precursors [Ni(NO3)2.6H2O, RhCl3, Co(NO3)2.6H2O, equivalent to 9 wt% individually or 
mixed] were added to a mixture containing ethanol (10 mL) and concentrated nitric acid (6 
mL).  
 
Figure 2.1 Weight percentage of active metal loading in bimetallic and trimetallic catalysts 
 
For the synthesis of bi and trimetallic catalysts, the same procedure was followed 
using the predetermined amount of different metal salts (Fig. 2.1) dissolved in the mixture of 
ethanol and nitric acid. The metal precursor solution was added to the solution containing 
P123 and aluminium isopropoxide and this mixture was stirred further for four hours. The 
resultant viscous dispersion transferred into a polypropylene bottle and heated in a hot air 
oven for 12 h at 110 °C. Subsequently, the polypropylene bottle consist of the solution was 
brought down to room temperature and dried in the flow of air to remove any residual ethanol 
and isopropanol. The air-dried solid catalyst precursors was ground to a fine powder and 
calcined at 550 °C for 6 h under static air. All seven catalyst prepared will be referred as 
Ni/MAl, Co/MAl, Rh/MAl, NiCo/MAl, NiRh/MAl, CoRh/MAl and NiCoRh/MAl.   
  
  Chapter 2 
 
51 | P a g e  
 
2.3.1.b) CPOx catalysts synthesis 
MgO, Al2O3 and calcined hydrotalcites of varying Mg/Al ratio have been used as 
supports for Rhodium catalysts, which were used for CPOX studies. The supports MgO and 
Al2O3 were obtained by calcining their respective Mg(OH)2 and Al(OH)3 precursors at 
550 oC in static air. Hydrotalcites of varying Mg/Al ratio was obtained by mixing the 
precursors Mg(OH)2 and Al(OH)3 at appropriate ratio in water in the presence of 50 mg of 
lysine amino acid and kept this mixture under magnetic stirring. This dispersion was kept it a 
hot air oven to remove the water and dried under air. All the dried materials were calcined at 
550 oC in a furnace and the resultant materials used as catalyst supports. MgO:Al2O3 ratio 
was maintained 4.5:0.5, 3:2, 1.5:3.5 and 0.5:4.5 in HT1, HT2, HT3 and HT4 respectively. 1 
weight% of Rhodium was deposited on these supports by homogeneous wet impregnation 
method. To the aqueous solution containing 1wt% equivalent of RhCl3 and 50 mg of urea, 3 
g of support was added. After few hours of magnetic stirring, these materials were dried in a 
hot air oven. The dried materials were calcined at 550 oC in a furnace and the obtained 
materials used as catalysts. These catalysts will be referred as Rh/MgO, Rh/HT1, Rh/HT2, 
Rh/HT3, Rh/HT4, Rh/Al2O3 hereafter.  
2.3.1.c) Catalyst synthesis for Oxidation/Combustion catalyst of Methane  
The choice of the methane oxidation catalyst is Pd/CeO2/Al2O3, wherein the weight 
percentage of palladium, ceria was maintained at 1% and 9% respectively. Appropriate 
amounts of Pd(NO3)2 was dissolved along with aqueous cerium nitrate solution. Urea was 
slowly added to this solution to increase the pH. After adding Al(OH)3, the whole solution 
was kept under magnetic stirring for few hours and allowed the solvent to evaporate by 
heating subsequently. This material was then calcined at 600 °C and used as such for 
complete oxidation of methane.  
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2.3.1.d) Catalyst palletisation  
All reforming catalyst was palletized in 0.3-0.5 μm by a palletisation unit (Fig.2.2) at 
CSIRO. 
 
Figure 2.2 Palletisation unit at CSIRO 
 
2.3.2 Catalyst testing studies  
All reforming processes were carried out in the low pressure – high temperature 
Catalyst Testing Rig -1 (CTR – 1) as shown in Fig. 2.3. The P & I diagram of Rig - 1 is given 
in Fig.2.4. A vertical fixed-bed stainless steel tubular reactor (Fig. 2.3) was used for all 
catalyst testing studies to produce syngas from methane. The reactor was about 30cm long 
with 9mm inner diameter. A thermocouple was directly inserted in the middle of the catalyst 
bed through thermocouple insert to measure the bed temperature accurately during the 
reforming process. A Gas Chromatography (GC) (Shimadzu) unit with TCD and FID 
detectors (Fig. 2.3) was attached with CTR – 1 to analyse product gas mixture online. 
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Figure 2.3 Catalyst testing rig – 1(left) and the vertical fixed-bed stainless 
steel tubular reactor (right) 
 
  
 
Figure 2.4 P & I diagram of Catalyst testing rig - 1 
2.3.2.a) Dry reforming of methane 
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All the seven catalysts were screened for CO₂ dry reforming of methane. In a typical 
screening, a fixed bed loaded up of 300 mg of pelletized catalyst (0.3-0.5 μm) in the reactor, 
was pre-reduced with hydrogen argon gas mixture (4% H2) at 700 oC for 2 h prior to CO2 
reforming of methane. Catalyst bed loading for dry reforming and catalytic partial oxidation 
is shown in Fig. 2.5. The reactant feed consisted with the mixture of CO₂:CH₄:Ar in a ratio of 
1:1:2 and the Gas Hourly Space Velocity (GHSV) was kept at 14,000 mlh-1g-1. Dry reforming 
of methane for all the catalysts were carried out at varying temperatures (700-850 ⁰C). After 
the screening, long term testing of selected catalysts were performed at 750 ⁰C temperature. 
The effluent gases were analysed regularly with online Shimadzu GC attached with FID and 
TCD detector. The catalytic performance of each catalyst was estimated in terms of CH₄ and 
CO₂ conversions as well as the ratio of H₂ and CO. 
2.3.2.b) Catalytic partial oxidation of methane 
Rhodium catalysts supported on MgO, Al2O3 and four calcined hydrotalcite materials 
(HT1, HT2, HT3 and HT4) were screened for catalytic partial oxidation of methane. Similar 
to DRM studies, 300 mg of each pelletized catalyst (0.3-0.5 μm) was loaded up in a fixed bed 
(Fig. 2.5) but these oxidation catalysts were not pre-reduced by hydrogen. Oxidation 
reactions were carried out for all catalysts in different temperatures (700-850 ⁰C), feed 
compositions and GHSVs (66,000 – 1,10,000 mlh-1g-1). Partial oxidation for three different 
feed compositions was analysed for in-depth understanding of catalyst responses. All three 
feed compositions are tabulated in Table 2.1. Hydrotalcites were tested for long time at 750 
°C to check the stability of these catalysts after the screening. The effluent gases were 
analysed regularly with online Shimadzu GC attached with FID and TCD detector. The 
catalytic performance of each catalyst was estimated in terms of CH₄ conversions and the 
ratio of H₂ and CO. 
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Table 2.1 Different feed composition (in square cubic centimetre, sccm) for catalytic partial 
oxidation of methane 
Composition 2:1:8 2.2:1:7.8 1.8:1:8.2 
CH4 100 110 90 
O2 50 50 50 
N2 400 390 410 
 
 
 
Figure 2.5 catalyst bed loading for DRM and CPOx 
 
2.3.2.c) Catalytic autothermal reforming 
 A dual catalyst bed (Fig. 2.6) consist of combustion catalyst (PdCeO2Al2O3) followed 
by reforming catalysts (NiRh/MAl or NiCo/MAl) was loaded up with the quantity of 100mg 
and 500mg palletized catalysts (0.3-0.5 μm) respectively. Combustion catalyst was diluted 
with same amount of SiC to increase heat distribution within catalyst. A vaporiser unit was 
attached to CTR – 1 for the supply of steam in autothermal reforming. Individual autothermal 
reforming for all three combustion and reforming catalysts was also performed along with 
layered and mixed catalysts. All sets of catalysts were tested in different temperatures (700-
800 ⁰C) and different feed compositions for autothermal reforming. Five different feed 
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compositions in which these reforming tests were performed are tabulated in Table 2.2. The 
catalytic performance of each catalyst was estimated in terms of CH₄ conversions and the 
ratio of H₂ and CO. 
  
 
Figure 2.6 Catalyst bed loading for catalytic ATR 
 
 
 
 
Table 2.2 Different feed composition (in square cubic centimetre, sccm) for catalytic 
autothermal reforming of methyane 
Composition 1 2 3 4 5 
CH4 200 200 200 200 200 
O2 100 50 0 100 100 
Steam 60 60 60 40 0 
N2 376 426 476 396 436 
 
2.3.3 Catalyst characterization  
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2.3.3.a) N2 Sorption isotherms  
N2 adsorption-desorption isotherms of the catalysts presented in the thesis work was 
conducted on a Micromeritics ASAP 2010 Surface Area Analyzer at 77K, attached with a 
computer running Micromeretics analysis software. In this technique, Specific surface area of 
a material can be analysed through the amount of N2 gas adsorption and desorption within 
the material [1, 2]. Brunauer-Emmett-Teller (BET) theory is an extension of Langmuir theory 
[3] of monolayer adsorption mechanism where it extended the idea of  multilayer adsorption 
phenomena. This theory named after the three scientists who proposed the theory. The 
technique calculates total surface area from measured external area and pore area in meters 
squared per gram of material (m2/g). The total surface area of the material can be calculated 
using this following equation 
𝑺𝑩𝑬𝑻 𝒕𝒐𝒕𝒂𝒍=  𝑼𝒎.𝑵. 𝒔
𝑽
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … …𝟐.𝟏 
Where Um is the monolayer adsorbed gas quantity as derived from a BET analysis 
plot, N is Avogadro’s constant, s is the adsorption cross section of the adsorbed species, and 
V is the molar volume of the adsorbate gas. Barrett-Joyner-Halenda (BJH) analysis [4] was 
used to further determine pore area and volume using adsorption and desorption 
characteristics.  
2.3.3.b) X-ray Diffraction Analysis (XRD) 
X-ray diffraction studies of the catalysts presented in the thesis were performed on a 
Bruker AXS D8 advance wide angle powder X-ray diffractometer using a monochromatic 
CuKα radiation source (λ=1.54056Å), operating at 40 kV and 40 mA over a 2θ range of 5 - 
85°. Peak identifications were carried out using and attached computer running Bruker D8 
advance software. X-rays are electromagnetic radiation and energetic enough to penetrate 
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solids and probe their crystalline structure due to the wavelength of X-Rays and periodicity in 
the crystals are in similar range. Therefore, X-ray Diffraction Analysis (XRD) is one of the 
major and and useful tool to analyse the crystalline phases present in the catalysts. The XRD 
patterns of the catalysts were collected by irradiating the catalyst by X-rays and collect the 
diffraction patterns at various angles [5-7]. 
Since X-rays can penetrate the surface of a solid up to few microns, there will be 
difference in path length between the X-rays reflected from each successive internal plane of 
the crystals, as shown in Fig 2.6.  As dictated by the interplanar spacing of the crsytals, 
constructive interference of X-rays reflected from successive planes will occur at certain 
angles. As the wavelength of the X-rays and angle of constructive interference is known, the 
spacing between crystal planes (d value) can be calculated using the Bragg equation [8]. d 
value of a crystal can explain how the atoms are arranged within the crystal, that is structural 
information of the crystal.  
 
 
 
 
 
Figure 2.6 Parameters of Bragg equation 
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Bragg equation 
𝒏𝝀 =  𝟐𝒅𝒔𝒊𝒏𝜽… … … … … … … … … . . … … … … … … … … … … … … … … … … … … … … …𝟐.𝟐 
Where n is the order of reflection, λ is the wavelength of radiation used, d is the 
spacing between atomic planes and θ is the Bragg angle.  
Crystallite size of a solid can also be calculated using Scherrer equation [9]. 
𝑳 = 𝑲𝝀
𝜷𝒄𝒐𝒔𝜽
… … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … … …𝟐.𝟑 
Where L is the measure of the dimension of the crystal in a direction perpendicular to 
the crystal plane, K is the Sherrer constant of 0.89 and β is the peak width at half maximum 
height. 
2.3.3.c) Transmission Electron Microscopy (TEM)  
This analysis was performed in RMIT Microscopy and Microanalysis Facility (RMMF) of 
RMIT University on a JEOL Transmission electron microscope (JEOL 1010), operated at 
100 KV accelerating voltage. The fresh catalysts were ground into fine powders and then 
suspended in isopropyl alcohol. One drop of the solution was placed on a 0.3 mm diameter 
holey carbon grid and allowed to dry. TEM images were taken to observe the dispersion of 
the metals on the supports.  
In a typical transmission electron microscopy (TEM), beam of electrons get emitted 
from tungsten filament by thermionic emission and accelerated using the high voltage (100 
KV) and pass through magnetic condenser lenses to interact with a thin sample. TEM 
samples need to be very thin as sample thicker than 300 nm is completely dark to electrons 
[10, 11]. An aperture is inserted to filter the scattered electron by interacting with images, 
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materials and electron beams [10]. The final image formes after the insertion of aperture is 
directly correlated with material thickness. Dense materials and heavy metals appear darker 
than thin materials of same composition [10, 11].     
2.3.3.d) Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES)  
ICP-OES is a type of emission spectroscopy that uses inductively coupled plasma to 
produce excited atoms of the sample materials. The chemical composition of the fresh 
catalysts was determined by conducting ICP analysis. Plasma has high density electron at 
10000K which produces excited atoms. When these atoms return back to their lower energy 
state they release emission rays (spectrum rays) which correspond to the photon wavelength. 
In ICP-OES, particular element is detected by the characteristic electromagnetic radiation at 
particular wavelength and the content of each element is measured by the intensity of the 
emission rays. ICP-OES (Agilent) was used to analyse the chemical composition of the 
catalysts. Solid sample was diluted with mixed acid of hydrochloric acid and nitric acid to 
make solution sample. Standard solution was also made to produce a calibration curve.  
2.3.3.e) Thermogravimetric Analysis (TGA)  
This analysis of the spent catalysts was performed on a Perkin Elmer Pyris 7 (capable of 
reaching 1000 °C) instrument.  Spent catalysts were placed in the small furnace and ramp it 
up room temperature to 750 °C with a linear heating rate of 10 °C.min-1 under a flow of air. 
The furnace was held at 750 °C for a further 10 mins to ensure no further weight loss 
occurred after analysis was complete. TG is a thermo-analytical technique that is performed 
on samples to determine changes in mass and heat flow in relation to change in temperature. 
This method is useful for studying the amount of carbon deposited on different catalysts. 
TGA curve explains different stages of thermal behaviour of the sample materials. Therefore 
TGA technique gives in-depth understanding of amount of carbon and its oxidation as a 
function of temperature [12]. 
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2.3.3.f) Temperature Programmed Reduction (TPR)  
TPR analysis of the spent catalysts was performed on a Micromeritics Autochem 
2910 instrument.  A typical TPR spectrum shows the hydrogen consumption of a catalyst as a 
function of temperature. The area under a TPR curve represents the total hydrogen 
consumption and temperature at which reduction occurs shows the reducibility of the metals 
supported on an oxide. By performing TPR, the reduction temperatures of the mono, bi and 
trimetallic catalysts were determined. This study provides how the reducibility of one metal 
changes when it form an alloy phase with other metal. TPR profiles of fresh catalysts with 
hydrogen (5% in argon) were performed in the plug flow reactor, which is equipped with a 
furnace and temperature controller. Ten to thirty mg of each catalyst were loaded into the 
reactor and heated from room temperature to 800 ºC at 3 ºC/min. Calibration of the hydrogen 
consumption were performed using 50 μl injections of hydrogen.  
 
2.3.3.g)  X-ray Photoelectron spectroscopy (XPS) 
In the present work, XPS data of the catalysts were collected using a Thermo Scientific K-
Alpha X-ray photoelectron spectrometer, equipped with an Al-Kα radiation source. The 
spectra were collected at room temperature under ultrahigh vacuum (1 x 10-9 torr or less). The 
core levels were aligned with the carbon 1s binding energy of 284.6 eV. Analyses of the 
obtained XPS data were performed using an attached computer running Avantage software. 
X-ray photoelectron spectroscopy is a surface analytical technique, which provides 
valuable information about the surface elemental composition, electronic state, oxidation 
state and chemical state of all elements present in the sample. XPS data of materials are 
usually collected by irradiating the sample with soft x-rays, and analyse the kinetic energy of 
the emitted electrons from the materials using an electron energy analyser. The X-rays are 
energetic enough to remove the electrons from the atoms and the emitted electrons gain the 
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remaining energy as their kinetic energy. The kinetic energy of the electrons and work 
function of the machine was subtracted from the total energy of X-rays; the binding energy of 
the electrons can be calculated for the orbital where the electrons were removed. The 
electrons produced from the surface or nearer the surface can reach the detector without much 
inelastic collision, which was the main reason that this technique is called surface sensitive 
technique and is limited to the detection of surface species and states. The binding energies of 
emitted electrons are calculated using equation  
𝐄𝐛𝐢𝐧𝐝𝐢𝐧𝐠 =  𝐄𝐩𝐡𝐨𝐭𝐨𝐧 − (𝐄𝐤𝐢𝐧𝐞𝐭𝐢𝐜  + 𝛗) … … … … … … … … . . … … … … … … … … … … … … …𝟐.𝟒 
Where Ephoton is the energy of the primary photon, and φ is the work function of the 
spectrometer. The composition and oxidation status of the surfaces of catalyst materials were 
explored using XPS analysis.  
2.4 References 
1. Brunauer, S., P.H. Emmett, and E. Teller, Adsorption of gases in multimolecular layers. J. 
Am. Chem. Soc., 1938. 60: p. 309-19. 
2. McMillan, W.G. and E. Teller, The assumptions of the Brunauer, Emmett, and Teller theory. 
J. Phys. Colloid Chem., 1951. 55: p. 17-21. 
3. Langmuir, I., Constitution and fundamental properties of solids and liquids. I. Solids. J. Am. 
Chem. Soc., 1916. 38: p. 2221-95. 
4. Barrett, E.P., L.G. Joyner, and P.P. Halenda, The determination of pore volume and area 
distributions in porous substances. I. Computations from nitrogen isotherms. J. Am. Chem. 
Soc., 1951. 73: p. 373-80. 
5. Cullity, B.D., Elements of X-Ray Diffraction. 2nd Ed. 1978: Addison-Wesley. 555 pp. 
6. Ladd, M. and R. Palmer, Structure Determination by X-ray Crystallography, Fourth Edition. 
2003: Kluwer Academic/Plenum Publishers. No pp. given. 
7. Pecharsky, V. and P. Zavaliji, Fundamentals of Powder Diffraction and Structural 
Characterization of Materials. 2003: Springer-Verlag. 744 pp. 
8. Bragg, W.H. and W.L. Bragg, The Reflection of X-rays by Crystals. Proceedings of the Royal 
Society of London. Series A, 1913. 88(605): p. 428. 
9. Patterson, A.L., The Scherrer Formula for X-Ray Particle Size Determination. Physical 
Review, 1939. 56(10): p. 978-982. 
10. Chescoe, D. and P.J. Goodhew, The operation of the transmission electron microscope, ed. 
P.J. Goodhew. 1984, Oxford, OX ; New York : Oxford, OX: Oxford University Press ; Royal 
Microscopical Society. 
  Chapter 2 
 
63 | P a g e  
 
11. Rochow, T.G.A. and P.A. Tucker, Introduction to Microscopy by Means of Light, Electrons, 
X Rays, or Acoustics, ed. P.A.C. Tucker and P. SpringerLink Content. 1994, Boston, MA: 
Springer US : Imprint: Springer. 
12. Duval, C., Inorganic Thermogravimetric Analysis. 2nd ed. 1963: Elsevier Pub. Co. 722 pp. 
 
 
 
 
 
 
 
 
CHAPTER 3 
CO2 Dry Reforming of Methane 
 
 
 
 
 
 
 
 
 
 
Chapter 3 
 
 
65 | P a g e  
 
3.1 Introduction  
Production of transportation fuels, energy and commodity chemicals from fossil fuels 
including natural gas, crude oil and coal have always been associated with significant carbon 
emission and it is still major challenge to control and alleviate the carbon emission [1-5]. In 
recent years, dry reforming of methane has become a promising process to convert two major 
greenhouse gases (CH4 and CO2) to syngas [6]. This process generates syngas with the 
H2/CO ratio of about 1 which is desirable for any down-stream methanol and hydrocarbon 
conversion processes without any additional process of adjusting the syngas composition. CO 
rich synthesis gas is therefore an important chemical feedstock for the production process of 
Oxoalcohols and methanol. 
Despite the fact of having number of advantages, DRM process has number of 
disadvantages that limits their practical applications. The most important technical challenge 
is to develop an active and stable catalyst that can exhibit high reaction rates without coke 
formation, other catalyst deactivation due to coking is the major disadvantage[7, 8]. In 
general, supported group VIII metal catalysts including precious metals (e.g. Ru, Rh, Pt, Pd) 
and non-noble metals (e.g. Ni, Fe, Co) have been demonstrated to active catalysts for the 
DRM process[9-11]. Supported catalysts containing precious metals including Ru, Rh, Pt and 
Pd have been shown as highly active catalysts and found to have low carbon deposition[12]. 
However, their high cost and limited availability drive the need of developing the less 
expensive non-noble metal based catalysts and the supported nickel catalysts are promising 
alternative catalysts[13, 14]. The major downside of the supported nickel catalysts is different 
types of carbon formation during dry reforming process from some of which the active metal 
get blocked - lead to the catalyst deactivation [15]. Another challenge is to prevent the 
oxidation of nickel and keep it in metallic form on the support, otherwise its oxidation reduce 
its activity. According to Wang et al. [16] DRM processes are need to run at higher 
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temperatures to avoid carbon formation which enhance the sintering of nickel particles [17] 
and consequently reduce the activity over time. 
Therefore, it is essential to identify the strategies to improve the nickel catalysts by 
making nickel catalysts that are having kinetically higher resistant towards coking, preventing 
the deposition of inactive carbon and high oxidation tolerance [18]. Addition of one or more 
active metals with supported nickel catalysts can reduce the carbon formation and enhance 
catalytic activity and stability [19, 20].  
However, the key elementary step in DRM process is the activation of methane on 
metal site and composition of metal plays a key role in methane activation rates, reactive 
CHx intermediates, hydrogen dispersion, carbon formation and its rate of oxidation. The 
activation of methane usually takes place on the metal active site [21, 22] to produce short-
lived CHx and carbon. Meanwhile, CO2 dissociation undergoes on the catalyst support and 
produces adsorbed O atom.  The adsorbed O atom then reacts with either the CHx radical or 
adsorbed H atom CO, H2 or H2O (Fig. 3.1). 
 
Figure 3.1 Schematic diagram of reaction mechanism in DRM 
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Therefore, addition of second metal to nickel significantly alters the afore-mentioned 
factors and increases the stability of the nickel catalysts without compromising their activity 
[23-25]. Bimetallic catalysts have been shown to have advantages over monometallic 
catalysts and in this case forming a bimetallic catalyst containing nickel phase that can 
overcome the coking to a significant amount [19, 26]. Addition of metals like Rhodium 
increase the carbon gasification rate due to their hydrogen spill over effect and keep the 
nickel sites at zero-valent state [27], while addition of cobalt can increase the oxidation 
kinetics of carbon[28]. Previous studies have not provided much insight about the reaction 
and the composition of bimetallic systems, their preparation method, reducibility and their 
interaction with the support.  The effect of novel bimetallic and trimetallic catalysts with the 
nickel phase on mesoporous alumina have been investigated for methane dry reforming. One 
aspect that awaits clarification is whether and how the multi-metallic composition contributes 
to the activity of the dry reforming process.  
Current study aims to develop mesoporous alumina supported bimetallic (NiCo, 
NiRh, RhCo) and trimetallic (NiRhCo) catalysts and their application in dry reforming of 
methane. These results were compared with their monometallic analogues; thus, mechanism 
was identified.   
3.2 Experimental  
3.2.1 Catalyst synthesis 
Synthesis details of all mono bi and tri-metallic dry reforming catalysts were 
discussed in detail in section 2.3.1.a). 
3.2.2 Catalyst screening for DRM reaction   
Catalyst screening process and all reaction parameters for dry reforming of methane 
are discussed in detail in section 2.3.2.a).   
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3.3 Results and discussion 
3.3.1 Fresh catalyst studies/characterization  
3.3.1.a)  N2-Physisorption analysis of the catalysts 
To study these materials surface and textural properties including the porosity of the 
support, nitrogen adsorption/desorption isotherms of all the mesoporous alumina supported 
mono, bi and trimetallic catalysts were carried out and the isotherms are shown in Figure 3.2. 
All the seven catalysts exhibit type IV like isotherms that are characteristic of mesoporous 
materials (all isotherms were vertically translated for clarity) [29]. The adsorption/desorption 
isotherms of bi and trimetallic catalysts on alumina were found to be different from their 
alumina supported monometallic counterparts. The isotherms of all these materials varied 
with different metal composition, which indicates that the metal loading has a significant role 
in changing the porosity on the mesoporous alumina support by affecting the channel shapes 
or creating small defects, which in turn affect the dispersion of the particles.  
All these materials tend to exhibit their mesopore filling branch at higher relative 
pressure, which was an indication of that these materials have smaller pores [30, 31]. The 
steepness of the inflection step in all these materials exhibit higher density of mesopores in 
all mesoporous alumina supported mono, bi and trimetallic catalysts. The specific surface 
area, pore diameter, and pore volume of these seven catalysts were given in Table 3.1. 
Ni/MAl has shown very high surface area 102 m2 g-1, while Co/MAl showed small surface 
area. The BJH pore diameters of bi and trimetallic catalysts were found to be smaller than the 
monometallic counterparts. Addition of Rhodium to nickel decreased the pore size, while 
addition of cobalt increased the pore size. However, the average pore diameter for the 
monometallic catalysts was found to be higher than the bimetallic catalysts.  
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 Figure 3.2 Nitrogen adsorption/desorption isotherms of mesoporous alumina 
supported monometallic catalysts (left) bi and trimetalic catalysts (right). BJH pore size 
distribution are given in inset 
Similarly, pore volume of bi and trimetallic catalysts was found to be lower than the 
monometallic catalysts. This was probably due to the ordered mesoporosity of monometallic 
catalysts than the bi and trimetallic catalysts. Formations of bimetallic particles block the 
pores and interferes mesoporous structures. One step capillary condensation is the indication 
of  uniform open mesopores [30], Fig. 3.2 illustrates that all these materials show one step 
capillary condensation of nitrogen. But two-step capillary evaporation observed in the 
isotherms of most of the materials in the relative pressure P/Po ranging from 0.64 to 0.44. 
Two step desorption in adsorption – desorption isotherms indicates the existence of blocked 
pores in the materials, so that first step desorption occurs from open pores followed by 
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second step from closed pores [31]. Therefore, appearance of two step capillary evaporation 
confirms the existence of blocked pores in most of the synthesized catalysts.  
Table 3.1 Physico-Chemical and textural properties of mesoporous alumina supported mono, 
bi and trimetallic catalysts : Metal loading estimated from the precursor concentration, 
Surface area, pore volume and pore diameter extracted from N2-sorption isotherms : 
crystallite size and inter-planar spacing calculated from the XRD patterns using Scherrer 
and Bragg equation 
 
 
 
 
 
 
 
 
 
 
 
 
 
3.3.1.b) Powder XRD studies of the catalysts 
All the seven catalysts were activated by pre-reduction at 700 oC under the flow of 
hydrogen/argon gas mixture (5% H2 in Argon) and their powder XRD patterns were 
collected and are shown in Fig 3.3.  Absences of diffraction patterns correspond to alumina 
phase indicate that the mesoporous Al2O3 support may exist in amorphous or poorly 
crystalline form. Mesoporous alumina supported Nickel and Rhodium (Ni/MAl, Rh/MAl) 
Catalyst SBET 
(m2.g-1) 
Pore 
Volume 
(cm3.g-1) 
Pore 
Diameter 
(nm) 
Crystallite 
size (nm) 
d(111) 
Ni/MAl 102 0.392 17.5 10.5 2.032 
Co/MAl 49 0.316 26.2 23.3 2.056 
Rh/MAl 97 0.611 23.9 10.54 2.188 
NiCo/MAl 113 0.294 10.3 20.5 2.037 
RhNi/MAl 72 0.315 14.9 8.7 (Rh) 
36.7 (Ni) 
2.165 
2.054 
CoRh/MAl 109 0.238 7.9 6.3 2.120 
NiCoRh/MAl 114 0.178 5.8 9.9 (Rh) 
12.7 (Ni) 
2.161 
2.053 
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exhibit their characteristic diffraction patterns, while mesoporous alumina supported cobalt 
(Co/MAl) didn’t show any peaks correspond to the metallic cobalt phase. This was probably 
due to the interaction of cobalt with the amorphous alumina phase preferentially to form any 
spinel phase which is difficult to be reduced. 
 
Figure 3.3 Powder X-Ray diffraction patterns of mesoporous alumina supported mono, bi 
and trimetallic catalysts (right): * denotes Ni (111) phase and # denotes Rh (111) phase 
 
Nickel and Rhodium exhibits their intense diffraction at 2θ 44.5 and 41.2 that 
corresponds to the (111) plane of cubic phase of metallic rhodium and nickel. In the case of 
bimetallic catalysts, NiCo/MAl exhibit it’s most intense peak at 2θ 44.5 and this correspond 
to the alloy phase of Nickel and Cobalt. In general, nickel and cobalt tend to form an alloy 
phase and it was confirmed from the significant change in the d(111) value given in Table 3.1.  
However, NiRh/MAl exhibit two intense peaks at 2θ 41 and second intense peak at 2θ 45, 
Chapter 3 
 
 
72 | P a g e  
 
which corresponds to the (111) phase of nickel and rhodium respectively. The appearance of 
two distinct peaks is an indication of absence of uniform alloy phase between nickel and 
rhodium, rather it formed a bi-metallic phase consists of phase separated nickel and rhodium 
phases coexisting together. Major evidence comes from the significant change in the d value 
of Nickel and Rhodium (Table 3.1), which clearly suggests that they formed a bimetallic 
phase. CoRh/MAl exhibit one broad and intense peak that lies in between the diffraction 
peaks of metallic Rh and Co, which indicate probable alloy formation between cobalt and 
rhodium. Trimetallic NiRhCo/MAl XRD patterns were very much similar to the XRD pattern 
observed for NiRh/MAl, but the intensities of two major peaks were different. The peak 
correspond to the NiCo(111) phase was more intense than the Rh(111) phase. Table 3.1 lists 
the average crystallite size on the (111) plane using Scherrer equation, which showed that 
that average crystallite size for nickel increased in the case of bi and trimetallic system, while 
Rh size decreased.  
3.3.1.c) TEM imaging of reduced catalysts  
Representative TEM images of all the catalysts after hydrogen pre-treatment, 
excluding the Co/MAl catalysts are shown in Fig. 3.4. XRD patterns of Co/MAl clearly 
showed that there is no peak corresponds to metallic cobalt phase, therefore TEM images of 
this catalyst are not given in the figure.  
After the reduction of the catalysts under the flow of hydrogen/argon mixture at 
700oC, nanostructured metals formation on the mesoporous alumina support, which was in 
agreement with the XRD profile of the reduced catalysts. These nanoparticles can be clearly 
seen in the TEM images presented in Fig. 3.4, where it can be seen that the metal particles are 
uniformly dispersed throughout the mesoporous alumina support. From the TEM images, it 
was concluded that there were two kinds of metal nanoparticles formed on the external 
surface and confined within the support particles.  
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Figure 3.4 TEM images of H₂-reduced mesoporous alumina supported mono, bi and 
trimetallic catalysts 
 The size of the metal nanoparticles formed at the external surface of the 
mesoporous alumina was larger than the metal nanoparticles formed between the support 
particles. Synthesis of these materials involved the alumina formation and the metal oxide 
formation in the same step, there may be a large fraction of the metal oxides formed as very 
small metal clusters between the mesoporous alumina particles, therefore the sizes of these 
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nanoparticles were controlled. In addition, the size of the metal nanoparticles in the case of bi 
and tri metallic catalysts was found to be smaller than the size of monometallic particles on the 
support. This observation is evidence to the bimetallic nanoparticles formation because the total 
metal percentage was kept constant and we varied the metal composition only. The XRD 
patterns of the catalysts and the textural properties of these catalysts given in table 3.1 also 
(Fig. 3.2) also support this observation. 
3.3.1.d) Temperature Programmed Reduction studies  
Temperature programmed reduction studies of these catalysts were carried out to 
study their reducible temperature and its variation when the composition changes into bi and 
trimetallic on the surface of mesoporous alumina. Figure 3.5 showed the TPR profile of these 
materials and the results clearly revealed that the reducibility patterns of the monometallic 
catalysts significantly different from the reducibility patterns of bi and trimetallic catalysts. 
Ni/MAl showed its intense reduction peak at 550 oC, while Co/MAl showed its reduction 
peak relatively higher temperature at 780 oC, Rh/MAl showed multiple reduction peaks at 
lower temperatures due to its ease of reducibility as well as different kinds of rhodium 
species present on the surface of alumina. Addition of cobalt to nickel, two kinds of reduction 
peaks observed. The first reducible temperature observed at 540 oC and second reducible 
temperature observed at 710 oC, which were shifted to lower than their monometallic 
counterparts. The reduction peak observed at 550 oC was attributed to the bimetallic Nickel-
Cobalt phase; while the reduction peak observed at 720 oC was assigned to the reduction of 
cobalt present in the alumina framework. These results clearly showed that such high 
temperature reduction was only caused when cobalt become the part of the alumina 
framework [32]. Cobalt tends to form spinel phase with alumina and this spinel was difficult 
to reduce. Similar trend was observed in the case of adding Rhodium to nickel, wherein the 
two reducible temperatures were observed at 400 oC and 550 oC. 
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Figure 3.5 TPR profiles of mesoporous alumina supported mono, bi and trimetallic catalysts 
In both cases, addition of second metal significantly reduced their reduction 
temperature.  However, addition of nickel in the case of bimetallic catalyst, two regimes of 
reduction were observed. In contrast, trimetallic catalysts didn’t show any presence of spinel 
phase, rather it showed many small peaks that correspond to the different reducible species, 
which might be a mixed phase of all the three active metals or some active metal islands 
present on the surface of mesoporous alumina.  
3.3.1.e) XPS studies of the catalysts  
XPS studies of the catalysts after reduction were carried out to understand the 
chemical and oxidation states of the nickel, cobalt and rhodium in the case of mono, bi and 
trimetallic catalysts supported on mesoporous alumina, the core level spectra of Ni2p, Co2p 
and Rh3d are shown in in Fig.3.6 and the peak binding energy (BE) values are given in table 
3.2. In the case of Ni/MAl and Rh/MAl, Ni2p3/2 and Rh3d5/2 peak binding energies appeared 
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at 852 eV and 306.7 eV, corresponding to their metallic state. However, Co/MAl exhibit its 
Co2p3/2 peak binding energy at 780 eV, similar to the binding energy corresponds to the 
Co3O4 or CoO phase. These results clearly showed that cobalt preferentially forms an oxide 
phase with alumina and this result explain the high temperature reduction peak of Co/MAl at 
780 oC. Rh/MAl exhibit other oxide component in addition to its metallic peak. 
Figure 3.6 XPS core level spectra of Rh3d, Ni2p and Co2p core levels from mesoporous 
alumina supported mono, bi and trimetallic catalysts 
However, core levels spectra of Ni, Co and Rh in their bi and trimetallic catalysts 
were found to be significantly different from the monometallic counterparts. N 2p3/2 and 
Rh3d5/2 peak binding energies were found to be higher than their monometallic counterparts, 
while Co2p3/2 peak binding energies were found to decrease, as shown in Table 3.2. XRD 
patterns of the same materials showed the presence of metallic nickel and rhodium, while 
XPS binding energies were found to be higher than their metallic peak binding energies. This 
is a clear indication of the bimetallic phase formation between the metals because it is known 
that electronic interaction between the two metals in the bimetallic systems tends to increase 
their peak binding energy [33].  
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Table 3.2 XPS Core-level binding energies of Mesoporous alumina supported mono, bi and 
trimetallic catalysts after hydrogen reduction 
 
In the case of Co/MAl, the peak binding energy of Co2p was higher due to its 
interaction with the support, while Co2p3/2 peak binding energy of NiCo/MAl, RhCo/MAl 
and NiCoRh/MAl decreased due to its interaction with the other metals including Nickel and 
Rhodium in addition to its interaction with the support. This causes the shift in BE and 
explain the absence of high temperature reduction peak that was observed in the case of 
Co/MAl.  
XRD, XPS, TEM and TPR results showed the formation of bimetallic and trimetallic 
phase formation on the mesoporous alumina support. 
 
Catalyst Ni 2p3/2 
(eV) 
Co 2p3/2 
(eV) 
Rh 3d5/2     
(eV) 
Al 2p 
(eV) 
O1s       
(eV) 
Ni/MAl 852 
855.3 
-- -- 74.4 531.0 
529.9 
532.6 
Co/MAl -- 780.8 
784.2 
-- 74 530.7 
529.7 
532.2 
Rh/MAl -- -- 309.4 
306.7 
73.8 530.5 
532.0 
529.1 
NiCo/MAl 854.4 780.5 
784.2 
788.3 
-- 74 530.7 
532.2 
529.3 
RhNi/MAl 856.5 
 
-- 307.1 
310.6 
74.1 530.8 
532.3 
529.6 
CoRh/MAl -- 779.3 
782.8 
307.2 
309 
74 530.6 
532 
529.3 
NiCoRh/MAl 854.6 
859.1 
782 
778 
308 
310.9 
 
74 530.3 
531.9 
528.9 
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3.3.2 Catalyst testing studies 
All the seven catalysts were evaluated for their catalytic activity towards CO₂ dry reforming 
of methane and Fig. 3.7 presents each catalyst performance in terms of percentage methane 
and percentage carbon dioxide conversions. A significant aspect of these catalysts is their 
high selectivity towards syngas production and it was observed that the syngas formation 
increases with the increase in reaction temperature. From the activity results, each catalyst 
has shown higher CO₂ conversion as compared to the methane conversion at the same 
temperature. This was probably due to the side reaction; reverse water gas-shift reaction (Eq. 
1.4) that can occur simultaneously with CO₂ reforming of CH₄. Same catalyst can catalyse 
the reaction between the feed CO₂ and as-produced hydrogen from methane decomposition. 
CO₂ is a mild oxidant, but its reaction with hydrogen can enhance its surface concentration on 
the catalyst, which can eventually enhance the rate of carbon oxidation. The methane 
conversion was also found to be higher at high temperatures, which favours the direct 
dissociative adsorption of methane on the metal surface. Among the seven catalysts, Co/MAl 
didn’t show any activity, clear indication of absence of any metallic cobalt that can catalyse 
the methane adsorption and its dissociation. Among the remaining six catalysts,  
RhNi/MAl showed very high CH₄ conversion up to 70% and CO₂ conversion up to 85% at 
750 °C and this was followed by trimetallic RhNiCo/MAl, bimetallic NiCo/MAl, Rh/MAl, 
RhCo/MAl and Among the monometallic systems, Rh/MAl showed very high conversion as 
compared to the Ni/MAl, evidencing the fact that noble metal Rh is an efficient catalyst for 
Ni/MAl methane reforming than nickel [34]. But activity of bimetallic RhNi/MAl, NiCo/MAl 
and trimetallic NiCoRh/MAl was much higher than the Rh/MAl despite being the fact that, 
this is one of the best catalyst, which is a clear indication that bimetallic and trimetallic 
catalysts are considered as promising catalysts for the CO₂ dry reforming of methane [35]. 
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Figure 3.7 Catalyst screening results presented in terms of percentage methane and carbon 
dioxide conversion 
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These synergistic effects between the two or three metals and their interaction with the 
alumina support may contribute to the increased activity. 
The catalyst screening showed that RhNi/MAl, NiCoRh/MAl and NiCo/MAl were 
found to be highly active. Therefore long-term stability and carbon deposition pattern were 
studied for these three catalysts to understand further about the relationship between the 
carbon formation and their activity for longer periods of time. Long terms studies were 
conducted at conditions of 1 atm pressure, 750 ⁰C and CH₄/CO₂/Ar ratio of 1:1:2. The 
operation temperature chosen was still in the domain of carbon formation, so that the activity 
of dry reforming was intentionally lower than equilibrium conversion. Time on stream of all 
the three catalysts were carried out for the period of 1030 minutes and the results are given in 
Fig. 3.8 in terms of percentage methane and CO₂ conversion. RhNi/MAl initially showed a 
little drop in methane and CO₂ conversion, but the activity remains stable until the end of 
testing. The enhanced catalytic activity in the case of bimetallic RhNi/MAl catalyst was 
attributed to the bimetallic phase formed between Rh and Ni. XRD results showed that both 
metals formed a bimetallic alloy phase and addition of Rh reduces the crystallite size of Ni 
which eventually increases the dispersion of both metals. It was reported that Rh concentrate 
the hydrogen on the catalyst surface - hydrogen spill over effect, which is known to enhance 
CO₂ reduction and rate of carbon oxidation [27]. In this study, a stable bimetallic phase 
between Ni and Rh tend to increase the CO₂ conversion and rate of carbon oxidation due to 
the spill over effect of Rh. This overall synergistic effect of Rh and Ni would have 
contributed to the activity of the catalyst.  
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Figure 3.8 Catalyst screening results for the mesoporous alumina supported bi and 
trimetallic catalysts presented in terms of percentage methane and carbon dioxide conversion 
Time on stream (TOS) 
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Similar effect might be responsible for the higher activity of trimetallic NiRhCo/MAl 
catalyst. In the case of NiCo/MAl, the activity stems from the fact that the homogeneous 
alloy formation between Ni and Co and their interaction with the support contribute to better 
activity. Co undergo preferential interaction with the support which inhibits the interaction of 
nickel with the alumina support to form stable nickel-alumina spinel [28]. The formation of 
uniform alloy keeps the nickel crystallite size small and increases its dispersion uniformly 
throughout the support. TEM images showed that the sizes of the bimetallic particles were 
found to be smaller than the monometallic counterparts, which is in agreement with the 
concept of alloying helps in reducing the size and increases the dispersion of active metals.  
 
Figure 3.9 H2/CO ratios for the mono, bi and trimetallic catalysts at different temperature  
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Figure 3.10 H2/CO ratios for the selected bi and trimetallic catalysts - Time on stream (TOS) 
 
Ratio of H₂:CO was experimentally measured and given in Fig. 3.9 for different 
temperatures and Fig. 3.10 for longer period of time. From Fig. 3.9 it is evident that at lower 
temperature ratios of are smaller than that in higher temperature. Carbon rich syngas or 
smaller H₂/CO ratio indicates reverse water gas shift reaction (Eq. 1.4). At higher temperature 
reverse water gas shift reaction decreases therefore there is an increase of H₂/CO ratio at 
higher temperature. In the time on stream study, the ratio was slightly higher in the beginning 
then stabilized below 1 in the longer period of time (Fig. 3.10). Initial increase of surface 
hydrogen is observer in the time on stream study which was then used by reverse water gas 
shift reaction to form higher CO.  
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3.3.3 Spent catalyst studies 
The spent catalysts from the dry reforming of methane carried out at 750 oC were 
characterized by XRD, TEM, XPS and TGA to study the nature of carbon formation, metal 
particle sintering, their change in oxidation state and amount of carbon deposited. Figure 3.11 
shows the powder XRD patterns of all the seven spent catalysts. The XRD profiles of all 
these spent catalysts were similar to the XRD profile of the pre-reduced catalysts that is 
shown in Figure 3.3 except the appearance of new additional peaks that corresponds to the 
graphitic carbon (PCPDF#752078). In particular, diffraction peaks observed at 2θ 26.1, 44.0 
corresponds to the (002) (010) planes of the graphitic carbon was found to be prominent 
except the spent catalyst of cobalt. 
 
Figure 3.11 Powder X-Ray diffraction patterns of used mesoporous alumina supported 
mono, bi and trimetalic catalysts (right) 
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Spent Ni/MAl and other nickel containing bi and trimetallic catalysts exhibit X-ray 
reflections correspond to the (111) plane of metallic nickel, while it was found to overlap 
with the peak corresponds to the (010) plane of graphitic carbon. Table 3.3 showed all the 
inter-planar spacing d111 and crystallite size of the metals in the spent catalysts. Nickel d111 
spacing was found to increase in the spent catalyst in all mono, bi and trimetallic forms, while 
Rh d111 didn’t undergo much change. Another major change observed in the case of metallic 
particles is their change in crystallite size, which happens significantly in the case of nickel 
and nickel containing bi and trimetallic catalysts. In general, carbon formation mechanism on 
the surface of nickel involves the diffusion of carbon within the particle and growth at the 
rear phase, therefore the change in crystallite size and inter-planar spacing of nickel is 
expected [35]. 
 
Table 3.3: XPS Core-level binding energies of used Mesoporous alumina supported mono, bi 
and trimetallic catalysts, average crystallite size and inter-planar d111 spacing 
 
 
Catalyst  Ni 2p 
3/2 
(eV) 
Co 
2p3/2 
(eV) 
Rh 3d5/2  
(eV) 
Al 
2p3/2 
(eV) 
d(111)  Crystallite 
size (nm) 
Ni_S/MAl  854.3 
856.4 
-- -- 74.5 2.054 28.46 
Co_S/MAl  -- 781.5 
785.0 
-- 74.2 2.055 34.13 
Rh_S/MAl  -- -- Low  2.201 11.9 
NiCo_S/MAl  855.9 781.2 
784.3 
-- 74.5 2.055 32 
RhNi_S/MAl  852.6 
856.0 
-- 306.9 74.4 2.13 
2.055 
8.9 
34.15 
CoRh_S/MAl  --   74.8 2.154 
2.055 
13.5 
33.97 
NiCoRh_S/MAl  853 
855.2 
781.3 308.4 
306.3 
74.8 2.155 
2.055 
13.07 
32 
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Calculation of the average crystallite size (listed in Table 3.3) corresponds to nickel 
was found to increase, while the average crystallite size corresponds to Rhodium didn’t 
change much or reduced. There was not much change observed in the case of the Rh inter-
planar distance d111 from the d values reported in table 3.1, while significant increase 
observed in Ni d111 spacing’s.  
Figure 3.12 Thermo-gravimetric data of used mesoporous alumina supported mono, bi and 
trimetalic catalysts 
 
These changes indicate that the mechanistic role of nickel and rhodium in methane 
dry reforming is significantly different. In the case of bi and trimetallic catalysts containing 
nickel, the change in crystallite size and inter-planar spacing was observed. This changes in 
the crystallite size and interplanar spacing was probably due to the formation of nickel 
carbide phase, because it was demonstrated that carbon deposition on the metal active sites, 
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its diffusion into the metal site to form carbide and subsequent precipitation of carbon at the 
rear side of the active site were known to increase the crystallite and d spacing of the metal.  
Therefore, it is suspected that, the methane cracking predominantly occur on the nickel site, 
while Rh may predominantly increase the rate of carbon gasification and this was the 
probable reason why RhNi/MAl was found to be more active than the other catalysts. 
Co/MAl didn’t show much activity and didn’t show any carbon formation. Ni/MAl and 
NiCo/MAl didn’t show any crystalline peaks correspond to graphitic phase, while all the 
other catalysts showed the presence of graphitic carbon. Rh/MAl, RhNi/MAl, RhCo/MAl and 
NiCoRh/MAl showed the presence of crystalline carbon peaks at 2θ 26.  
Thermo-gravimetric analysis of the spent catalysts using air as carrier gas was 
performed to estimate the amount of carbon deposited during the reaction and the results are 
shown in Figure 3.12. Among monometallic systems, Rh/MAl showed higher amount of 
carbon (8.5%) as compared to Ni/MAl (5.9%) and Co/MAl (4.3%), which is in agreement 
with their catalytic activity. Since methane cracking is the foremost step in DRM process, the 
amount of carbon formation is directly related to the activity of the methane cracking on the 
catalyst surface.  The amount of carbon deposited in all the monometallic catalysts and 
RhCo/MAl were found to be smaller as compared to the carbon deposited in the case of other 
bimetallic and trimetallic catalysts. Ni/MAl and CoRh/MAl exhibit weight increase at higher 
temperatures due to the oxidation of metallic Nickel and oxidation of Cobalt phase in 
RhCo/MAl. The spent catalysts including Rh/MAl, NiCo/MAl and NiCoRh/MAl showed 
sharp weight loss above 500 oC while RhNi/MAl didn’t show any sharp weight loss; rather it 
exhibits continuous weight loss.  
TEM images of these spent catalysts were carried out to investigate the nature and 
morphology of the carbon deposited during the DRM process. Fig. 3.13 shows the 
representative TEM images obtained from the spent catalysts. The morphology of the carbon 
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deposited on Ni/MAl and Rh/MAl spent catalysts was significantly different from the carbon 
nanotubes on the surface of all spent bi and trimetallic catalysts.  
 
Figure 3.13 TEM images of the used mesoporous alumina supported mono, bi and trimetalic 
catalysts 
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In the case of bi and tri-metallic catalysts, nanotubes are the major type of carbon 
present along with the catalyst particles. The rate of carbon deposition, carbon diffusion and 
precipitation are the major factors that control the morphology of the carbon, therefore 
changing the active site composition from mono to bi or trimetallic catalysts eventually 
affected the morphology of the particles. Most of the bi and trimetallic particles showed tip 
growth, which keeps the active metal component available for the further reforming process. 
The bimetallic composition plays a critical role in carbon diffusion and precipitation. 
Therefore, it tends to form nanotubes and lifted the particles out of the surface. These 
materials tend to promote the growth of nanotubes with defects as shown in TEM, and tend to 
be oxidized preferentially than other forms of the carbon.  
Figure 3.14 XPS core level spectra of Rh3d, Ni2p and Co2p core levels from used 
mesoporous alumina supported mono, bi and trimetallic catalysts 
 
Among the bi and trimetallic catalysts NiCo, NiRh, NiCoRh showed high carbon 
content than RhCo catalyst. The catalyst activity of these materials was found to be high and 
the high carbon content indicates that these materials have the propensity to accelerate the 
carbon oxidation. XPS studies of all the spent catalysts were carried out to investigate the 
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chemical state of nickel, rhodium and cobalt during the CO2 dry reforming of methane. Fig. 
3.14 shows the XPS core level spectra of these metals and Table 3.3 presents the peak 
binding energies of these core levels.  It was observed that nickel remain in zero valent state 
only in the case of NiRh/MAL. This is probably correlated to the hydrogen spillover effect of 
Rh, because these keeps Nickel in reduced state during the dry reforming of methane. 
However, Ni/MAl, NiCo/Mal and NiCoRh/MAl exhibit their Ni2p binding energies higher 
than the zero valent metal but a contribution from the metallic nickel is still present. Rh3d 
core level spectra of Rh/MAl and RhCo/MAl are too low in intensity and didn’t exhibit its 
spectral features. This may be probably due to the carbon coverage on the active sites, which 
was shown in the TEM images and from the TGA results.  
Based on the analysis of the spent catalysts and the enhanced DRM activity of the bi 
and trimetallic catalysts over monometallic catalysts clearly explain the underlying 
mechanism. The major role in improving the catalyst activity is the bi and trimetallic 
composition, which affect the methane cracking kinetics, carbon formation, carbon diffusion 
within the metal and rate of carbon oxidation. Addition of Rh in the case of RhNi/MAl 
enables the formation of a bimetallic phase, wherein nickel and rhodium activate the methane 
cracking and carbon gasification respectively. Role of rhodium causes hydrogen spillover 
effect, which retains the nickel in the metallic state. In the case of trimetallic and NiCo/MAl 
bimetallic catalysts, nickel formed a homogeneous alloy with cobalt that significantly affect 
the nature of carbon formation and its oxidation. Moreover, formation of alloy reduces nickel 
interaction with the alumina support to form non-reducible spinel phase.  The interactions of 
the bi and trimetallic catalysts with the alumina support are significantly different from their 
monometallic counterparts. These differential interactions affected the reducibility of the 
metal, their dispersion and control the size of these metals during pre-reduction. Overall these 
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aforementioned factors were found to be responsible for the higher conversion and stability 
of the catalysts. 
3.4 Conclusions 
In summary, among the mesoporous alumina supported catalysts screened for CO2 
dry reforming of methane, bimetallic and trimetallic catalysts have shown better conversion 
than the monometallic ones. Even, mesoporous alumina supported rhodium catalysts were 
found to be less active as compared to bimetallic and the trimetallic catalysts. Among the 
monometallic catalysts, Mesoporous alumina supported cobalt catalysts was found to be least 
active probably due to their interaction with the alumina support. Among the bimetallic 
catalysts, RhNi/MAl was found to be highly active and stable as their bimetallic domains 
activate methane cracking and carbon oxidation simultaneously. The spinel formation 
between cobalt and alumina tends to favour the uniform dispersion of nickel as well as avoids 
the formation of nickel spinel with alumina. In addition nickel and cobalt forms 
homogeneous alloy that significantly affects the carbon formation kinetics. Therefore 
bimetallic NiCo/MAl showed higher activity in dry reforming of methane. Overall, 
mesoporous alumina spported bi and trimetallic catalysts were demonstrated to have better 
activity towards CO2 dry reforming of methane and have higher stability than monometallic 
catalysts supported on alumina 
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4.1. Introduction  
In previous chapter, CO2 dry reforming of methane was discussed and we found that 
bimetallic RhNi/MAl and NiCo/MAl was highly active catalysts to produce CO rich syngas. 
However, CO2 dry reforming of methane is highly endothermic and required to operate in 
high temperature to minimize carbon formation. High temperature operation induces active 
metal sintering and catalyst support degradation which limits the longevity of the catalyst. 
On the other hand, Catalytic partial oxidation of methane (CPOx) is an exothermic 
process of producing syngas and the molar ratio of H2 to CO in the resulted syngas can be 
adjusted to 2 if the CPOx process feed can be carried out according to stoichiometric ratio[1-
3]. Moreover, the syngas produced consists of traces of CO2, which is a desirable feedstock 
for downstream processes including methanol synthesis [4-6]. Another major advantage 
about the CPOx process is its very high gas hourly space velocity (GHSV), which enable the 
CPOx process to be intensified into smaller scale [7-10]. As an exothermic process, CPOx 
reaction temperature can go very high, which resulted in the formation of hot-spots on the 
catalyst surface. These hot-spots lead to active metal particle sintering and eventually 
deactivation of catalyst [11-15]. Similar to DRM, carbon deposition on the catalyst bed is 
another major issue in the CPOx process. Moreover, feed consists of 2:1 of molar ratio of 
CH4 to O2 is favorable for carbon formation. CPOx process was thought to be following two 
kinds of mechanism. First one is a two-step or indirect mechanism, wherein first step 
involves the oxidation of methane by the whole oxygen feed to produce CO2 and H2O. In the 
second step, previously formed CO2 and steam reform the unreacted methane in the feed to 
produce syngas. Even though both step occurs at same catalyst bed, there is a temperature 
gradient observed in the catalyst bed [13, 14, 16-21]. The front end of the catalyst has high 
temperature, which is considered as oxidation or combustion zone. The lower end of the 
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catalyst is considered as reforming zone, wherein the temperature is found to be lower than 
the oxidation zone.  
The second mechanism involves direct or one step mechanism of formation of syngas. 
However, indirect or two step mechanism of formation of syngas was widely accepted.  The 
oxidation state of the metal in the catalyst plays a key role in controlling the mechanistic 
steps in the reaction. Nickel have been demonstrated as an active non-noble metal catalyst for 
CPOx process to produce syngas, but different oxidative state of nickel have different role in 
surface reaction steps [13, 20, 22-24]. For nickel catalysts metallic nickel is the best state for 
syngas production, while nickel species in the II oxidation state trends to catalyse the total 
combustion of methane. The distribution of surface nickel species with different oxidation 
state mainly depends upon the support properties and synthesis procedure.  Strong interaction 
between nickel and alkaline earth supports facilitate nickel dispersion within the catalysts. 
This strong metal-support interaction and high dispersion of nickel particles on the support 
increase the stability of the catalyst by preventing it from particle sintering. Although alkaline 
earth oxide supported nickel catalysts were demonstrated to have higher CPOx activity, the 
carbon deposition and the loss of nickel at high reaction temperature led to the deactivation of 
the catalyst. Another kind of active support is calcined hydrotalcite, which is a mixed metal 
oxide [16, 25]. This calcined hydrotalcites have Bronsted basic and Lewis acidic sites. When 
these materials were used as catalyst supports, they provide better control over the dispersion, 
particle size, and reducibility of the active metal and eventually control the activity and 
selectivity of the catalyst. However, nickel based catalysts show less oxygen tolerant at high 
temperature and tends to get oxidized. Noble metals like Rh were found to be highly active 
towards CPOx to produce syngas. Metal like Rhodium can catalyse both combustion and 
reforming steps in CPOx. When supported on suitable supports Rh can improve metal 
support interaction and varying oxidation states which can lead to better activity without 
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much hot spots formation. The unique feature of varying Rh species with different oxidative 
state resulted in distribution of active sites between the total combustion and reforming of 
methane during the process of CPOx to syngas.  Hochmuth et al. studied the monolith 
supported rhodium catalysts for CPOx to produce synthesis gas [26]. These results explained 
that the complete oxidation of methane is occurred at the beginning of the catalyst bed before 
the reforming reaction occurred at the end part of the catalyst bed. To further avoid the 
exothermic hot-spots formation, it is important to choose a catalyst support that can stabilize 
rhodium in zero valent and trivalent state. This will also prevent the step of reducing the 
catalyst under H2 stream, because suitable supports can promote the reducibility of rhodium. 
In this context, supports like MgO, Al2O3 and calcined hydrotalcites of varying MgO/Al2O3 
have not been studied as catalyst supports for trivalent rhodium and their role in improving 
the catalyst performance towards CPOx. In this chapter, 1% rhodium was deposited on 
hydrotalcites of varying Mg/Al ratio (HT1, HT2, HT3, HT4), MgO and Al2O3. The choice of 
rhodium was made due to its superior activity over nickel catalysts and the weight percentage 
was kept very low. The choice of alkaline earth and calcined hydrotalcites were made due to 
their basicity as strongly basic supports avoid carbon deposition as well as showed high 
performance towards CPOx. Alumina supports were known to improve the dispersion of 
rhodium and these supports have Lewis acidic character. Therefore, the aim of the study is to 
investigate the role of these supports characteristics, oxidation state of rhodium and their 
varying interaction with the support materials in controlling their activity towards catalytic 
partial oxidation of methane to produce syngas.  
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4.2. Experimental section 
4.2.1. Preparation of catalysts 
Synthesis details of all MgO, Al2O3 and calcined hydrotalcites of varying Mg/Al ratio 
supports and subsequent homogeneous wet impregnation of 1 wt% Rhodium on all the 
supports were discussed in detail in in section 2.3.1.b).    
4.2.2. Catalyst screening procedure   
Catalyst screening process and all reaction parameters for catalytic partial oxidation 
of methane are discussed in detail in section 2.3.2.b).    
4.3. Results and discussion 
4.3.1. Characterization of catalysts  
4.3.1.a) X-ray diffraction (XRD) studies 
Powder XRD patterns identify the crystalline phases present in the samples. XRD 
patterns of all the catalysts were collected and the results are shown in Fig. 4.1. All the XRD 
patterns exhibit the characteristic diffraction peaks correspond to the supports, but it was 
found that the diffraction peaks correspond to metallic rhodium were less prominent on all 
supports. There was slight broadening in the crystallite size and the d value of the supports 
after Rh impregnation, as shown in Table 4.1. These results clearly indicate the molecular 
level dispersion of rhodium on these supports. The addition of urea during the wet 
impregnation of the supports led to the uniform dispersion of the Rh precursors to the 
molecular level. XRD patterns of MgO and hydrotalcites having higher magnesium fraction 
shows strong XRD patterns correspond to the MgO phases. X-Ray reflections observed (2θ) 
at 36.8o, 42.7, 61.7, and 78.2°corresponds to the crystalline phase of Magnesium Oxide, 
while these peaks started broadening as the amount of aluminium increased in the 
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hydrotalcites. Another major reason for the absence of any crystalline phase correspond to the 
Rhodium is probably its propensity of forming oxide phases with MgO, calcined 
hydrotalcites of varying Mg/Al ratio and Al2O3 to form Mg(Rh)O, Mg(Rh)Al2O4 and 
(Rh)Al2O3 phases during the calcination process. 
 
 
Figure 4.1: XRD patterns of MgO, Al2O3 and calcined hydrotalcites supported Rh catalysts 
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Table 4.1: BET surface area, pore volume, pore diameter, crystallite size, d111 of MgO, 
Al2O3 and calcined hydrotalcites supported Rh catalysts 
 
 
 
 
 
 
 
 
 
Absence of metallic rhodium peaks as well as the changes in the diffraction peak 
broadening clearly shows the uniform dispersion of Rh and probable formation of any mixed 
metal oxide phase containing Rh, MgO and Al2O3. These results clearly demonstrated that 
the synthesis method and calcination temperature played an important role in modifying the 
type of interaction between the support and the rhodium. As the support composition varied 
from 100% MgO to 100 % alumina and varying fraction of these oxides, nature of Rh 
interaction with different phases of the support will surely influence the reaction rate and 
mechanism of catalytic partial oxidation of methane.  
4.3.1.b) BET studies of the catalyst materials 
N2 adsorption-desorption isotherms of the MgO, Al2O3 and calcined hydrotalcites 
supported Rh catalysts were studied to estimate their surface area, pore diameter and pore 
volume. Table 4.1 shows the textural properties of the materials, where significant changes in 
the textural properties are clearly observed. The calculated BET surface area of the materials 
was found to increase as the composition of the support varies from MgO rich to Alumina 
rich. This is in agreement with the XRD results, where MgO and MgO rich calcined 
Catalyst SBET 
(m2.g-1) 
Pore 
Volume 
(cm3.g-1) 
Pore 
Diameter 
(nm) 
Crystallite 
size (nm) 
d(111) 
Rh/MgO 65 0.667 33 16.5 2.10 
Rh/HT1 99 0.835 26.2 14.59 2.10 
Rh/HT2 118 0.588 13.2 12.5 2.11 
Rh/HT3 126 0.433 8.5 14.54 2.10 
Rh/HT4 
Rh/Al2O3 
163 
171 
0.344 
0.286 
5.2 
4.2 
9.02 
8.13 
2.10 
1.98 
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hydrotalcites were strongly crystalline, while alumina and alumina rich fragments were found 
to be amorphous. The high surface area observed in the alumina rich materials was probably 
due to their amorphous nature. Physi-sorption isotherms of these materials were studied to 
estimate their BET surface area, pore diameter and pore volume. Figure 4.2 shows the 
adsorption/desorption isotherms of these materials and these materials exhibit type IV 
isotherms except Rh/MgO. 
 
 
Figure 4.2: N2 sorption isotherms of Alumina, HT1, HT2, HT3, HT4 supported Rh catalysts 
 
In few hydrotalcite samples, surface area of pure support is lower than the Rh 
impregnated supports. This was probably due to the incorporation of rhodium within the 
structural framework of calcined hydrotalcite. If the rhodium was deposited on the surface, it 
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generally shows decrease in the surface area. However, the pore diameter and the pore 
volume of these materials were found to be lower than the supports after rhodium 
incorporation.  
4.3.1.c)  TEM studies of the catalyst materials 
TEM images of the MgO, Al2O3 and calcined hydrotalcites supported rhodium 
catalysts were carried out to study the morphology of the support and any phase separated 
rhodium oxide formation. As shown in Figure 4.3, the TEM images clearly showed that the 
morphology of the supports was distinctly different from each other. There was no evidence 
of phase separated Rhodium oxide formation, which is another proof of uniform dispersion of 
rhodium onto these supports. From the XRD results, the absence of crystalline phases 
correspond to the Rhodium metal was clearly demonstrated which support the concept of 
uniform dispersion. Rhodium has very high affinity towards both alumina phase and MgO 
phase, for that rhodium dispersion on these supports is uniform and reach to the molecular 
level.  
 
Figure 4.3: TEM images of the MgO, Al2O3 and calcined hydrotalcites supported Rhodium 
catalysts 
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From the TEM images of all the materials, it is evident that the morphology of the 
support and size of the particles are significantly different.  The particle size of the support 
was found to be smaller in the case of MgO and MgO rich calcined hydrotalcites. When the 
alumina content was increased, the irregular isolated small size particles transformed into 
extended planar sheets. This was probably due to the calcination of layered hydrotalcite 
containing increased amount of alumina.  
4.3.1.d) XPS studies of the catalyst materials 
XPS core level spectra of all the supported Rhodium catalysts were carried out to 
investigate the chemical states of O1s, Al2p, Rh3d and Mg1s core level in all these supports 
and how their metal support interaction varied with respect to the rhodium metal.   
 
Figure 4.4: XPS core level spectra of Al2p, Mg1s and O1s of calcined hydrotalcites supports 
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Figure 4.4 shows the O1s, Al2p, Mg1s and Rh3d core level spectra recorded from 
Rh/MgO, Rh/HT1, Rh/HT2, Rh/HT3, RH/HT4 and Rh/Al2O3 materials. O1s core level 
spectra in the case of Rh/MgO, RH/HT1 and Rh/HT2 shows one component correspond to 
the rhodium oxide in addition the bulk oxygen, surface oxide and hydroxide species. 
However, the rhodium oxide component in the case of Rh/HT3, Rh/HT4 and Rh/Al2O3 was 
found to be very weak in intensity. These results indicate that there is a formation of the 
mixed metal oxide phase between Rh and MgO rich supports. Clearly, this tendency of 
formation of mixed metal oxide phases were absent in the case of Alumina rich metal oxide 
phases.  
Similar trend was observed in the case of Al2p core level spectra and Mg1s core level 
spectra. Rh/MgO, Rh/HT1 and Rh/HT2 are the materials rich in MgO or pure MgO, which 
showed similar chemical components when Rh was impregnated in these supports. Al2p core 
level spectra in the case of Rh/HT1 and Rh/HT2 distinctly different from the Al2p spectra 
observed in the case of Rh/HT3, Rh/HT4 and Rh/MgO.  This was probably due to the very 
weak interaction of Rh and Alumina phases in the Rh/HT1 and Rh/HT2 due to the high 
propensity of forming mixed metal oxide between Rh and MgO phases. Mg 1s core level 
spectra showed an additional chemical component that was attributed to the formation of 
mixed metal oxide phase in the case of Rh/MgO, Rh/HT1 and Rh/HT2. This effect was less 
prominent in the case of Rh/HT3 and Rh/HT4, which was probably due the less availability 
of MgO rich phases. Al2p core level showed significant changes with respect to Rh 
deposition as compared to MgO core level changes. This is probably due to the interaction of 
Rh and Alumina support is more prominent than MgO support.  
Rh3d core level spectra observed in the case of Rh/Al2O3 exhibit the peak BE 
component, assigned to the oxide phase of Rh2O3 phase. However, Rh3d core level spectra 
had strong overlap with the Mg KLL Auger peaks because these Auger peaks correspond to 
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the Mg KLL lines are stronger and masked the Rh 3d core level spectra. However, the 
principal Mg KLL Auger peak observed between 300-306 eV is known to have large 
chemical shifts and provide valuable information about the chemical state analysis of the 
samples. The chemical shift of Mg KLL Auger line observed in the case of Rh/MgO, Rh/HT1 
and Rh/HT2 was different from the Rh/HT3 and Rh/HT4.  
From all these results it is clear that Rh tends to form a mixed metal oxide phase with 
MgO and MgO rich calcined hydrotalcites such as HT1 and HT2. But the formation of phase 
separated Rh2O3 oxide phase formation was prevalent in the case of Al2O3 and calcined 
alumina rich hydrotalcites.   This differential interaction of Rh with MgO or Al2O3 phases 
will therefore affect their reducibility as well as their activity towards catalytic partial 
oxidation of methane.  
4.3.2. Catalyst Screening for CPOx process 
All the afore-mentioned six catalysts were tested for their activity towards catalytic 
partial oxidation of methane. In conventional CPOx process, the catalysts were activated 
under the hydrogen/inert gas mixture to reduce the metal oxide into the metal.  
Most of the cases, CPOx reaction go via the two step mechanism in which combustion 
of methane into CO2 and steam followed by the reforming of unreacted methane by steam 
and produced CO2. Therefore, a temperature gradient observed, wherein the temperature of 
the front face of the catalyst was found to be much higher than the lower end of the catalysts. 
High temperature in the front catalytic area causes hot-spots formation and deactivates the 
catalyst. In the present work, the reduction of Rh oxide phase was intentionally not followed 
to see the role of rhodium oxide towards CPOx process when it was supported on MgO, 
Al2O3 and calcined hydrotalcites of having variable Mg/Al ratio (HT1, HT2, HT3 and HT4). 
Figure 4.5 shows the plot of methane conversion as a function of catalyst bed temperature 
when the reactant feed pass through the afore-mentioned catalysts.  
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Rh/Al2O3 showed nearly 90% methane conversion at 850 oC, the conversion was 
found to increase with the increase in the reaction temperature. Rh/MgO showed the lowest 
conversion of 54% at 850 oC as compared to the other catalysts. All the calcined hydrotalcites 
showed moderate conversion at lower temperature, but they exhibit higher conversion at 
850 oC. Specifically, Rh/HT1 and Rh/HT4 showed 75% methane conversion. 
 
 
Figure 4.5: Percentage methane conversion during CPOx process as a function of 
temperature on the synthesized catalysts 
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The increase in methane conversion with the increase in catalyst bed temperature 
clearly shows that this follow two step mechanism because reforming efficiency was known 
to increase with the increase in temperature. Another interesting point in the case of methane 
conversion at 700 oC was widely varied among all the catalysts. Rh/Al2O3 showed very high 
conversion, while Rh/MgO showed lower conversion. Calcined hydrotalcites supported Rh 
catalysts showed moderate conversion. This was closely followed by the Rh/HT3 and 
Rh/HT2, which showed 70% and 67% methane conversion respectively. 
 
 
Figure 4.6: Percentage yield of CO2 and CO as a function of catalyst bed temperature for 
each catalyst 
 
Since the oxides of Rh are the active species for the catalytic partial oxidation of 
methane, the activity at 700 oC is an indirect measure of the availability of the active Rh 
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species on the surface. The amount of Rhodium was kept constant in all the samples, 
therefore the observed activity directly relates to the surface rhodium concentration. Another 
interesting observation is the alumina rich Rh/Al2O3, Rh/HT4 and MgO rich Rh/HT1 showed 
very high conversion. XPS results indicated the formation of mixed metal oxide phase 
between Rh and MgO and the catalyst screening demonstrated the poor activity of Rh/MgO. 
Therefore the formation of an oxide between Rh and MgO or MgO rich calcined 
hydrotalcites may be the probable reason for the lower activity.  
Estimation of the amount of CO2 and CO formed out of methane conversion during 
the CPOx process provide better insight about the mechanism, therefore the yield of CO2 and 
CO in each catalyst is given in Figure 4.6. Higher selectivity towards CO formation than CO2 
formation is the desirable for an active catalyst during the CPOx process. Except Rh/MgO, all 
the catalysts showed higher CO selectivity than CO2 selectivity and this selectivity increases 
with the increase in temperature.  
 
 
Figure 4.7: H2/CO ratio as a function of catalyst bed temperature for each catalyst 
 
   This is a clear indication of the higher rates of CO2 consumption for methane 
reforming at higher temperature, which produce CO as a product. Among all the catalysts, 
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Rh/Al2O3 showed very high selectivity towards CO formation and Rh/MgO showed least 
selectivity towards CO formation. In terms of CO selectivity, alumina rich Rh/HT3 and 
Rh/HT4 exhibit higher selectivity than MgO rich Rh/HT1 and Rh/HT2.   
Another way of calculating the efficiency of the catalyst towards CPOx process is to 
estimate the H2/CO ratio in the product stream. The resulted H2/CO ratios are given in Figure 
4.7. From the figure, it is evident that the lowest H2/CO ratio of 1.4, was observed in the case 
of Rh/MgO, but this ratio was found to increase with the increase in temperature. However, 
most of the other catalyst systems showed average H2/CO ratio of 2.5 at lower temperature, 
but this ratio decreases marginally at higher temperature. This slight variation of H2/CO ratio 
as a function of temperature is partly due to the other competing processes such as shift 
reactions.  
 
Figure 4.8: Effect of Feed composition (left) and GHSV mlh-1g-1 (right) on methane 
conversion in catalytic partial oxidation of methane. 
 
The role of feed composition in controlling the methane conversion was studied on all 
the four calcined hydrotalcites supported Rh catalysts (Rh/HT1. Rh/HT2, Rh/HT3, Rh/HT4) 
and the results are given in the left panel of Figure 4.8.  A significant change in methane 
conversion was observed when the feed composition was changed. When the methane 
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content was low in the reactant feed, all the four catalysts showed higher activity, especially 
Rh/HT3 and Rh/HT4 showed higher conversion. With less oxygen feed, Rh/HT1 showed 
slight increase in activity while Rh/HT4 showed slightly less activity. Other two catalysts 
Rh/HT2, Rh/HT3 had the similar activity as with the composition 2:01:08 (CH4:O2:N2) 
(Table 2.1).  
 
 
Figure 4.9: Time on stream of the catalytic partial oxidation of methane for calcined 
hydrotalcites supported Rhodium catalysts 
 
The role of gas hourly space velocity (GHSV) on the methane conversion was carried 
out and the results are given in the right panel of the Figure 4.8. All four hydrotalcites 
catalyst were tested at two different GHSVs at 750 °C. Reactant flow rate or GHSV value has 
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influence on the catalytic behaviour of these hydrotalcite catalysts to some extent. In Fig.4.8, 
it is shown that at lower GHSV, the increase in catalytic activity was observed for all these 
catalysts.            
As the Hydrotalcites had similar pattern during the screening test, a time on stream 
test was performed to check the stability of the catalysts. Catalyst stability is the key issue in 
the case of Catalytic partial oxidation of methane, therefore the activity data against time for 
all four Rh/HT1, Rh/HT2, Rh/HT3 and Rh/HT4 catalysts are plotted and presented in figure 
4.9. All four catalysts here exhibited increased activity over time.  These catalysts activity 
increased for an initial period of testing, but it stabilised in few hours. The activity was stable 
for 500 minutes of screening time, which shows that these catalysts exhibit high stability 
during catalytic partial oxidation of methane.   
4.3.3. Spent catalyst characterization 
4.3.3.a) XRD studies of the spent catalysts 
The spent catalysts collected after the catalytic partial oxidation were characterized by 
XRD, TEM, XPS and TGA to study any structural degradation of the support, metal/support 
particle sintering, changes in chemical/oxidation state, nature of carbon formation and 
amount of carbon deposition. Figure 4.10 shows the powder XRD patterns of all six spent 
catalysts. The catalysts having the high MgO content didn’t show any change with respect to 
the fresh catalyst XRD patterns (as shown in Fig 4.1) that clearly indicates the stability of 
these catalysts against any hot spots formation as well as any particle sintering. However, as 
the alumina content in the catalyst increased, additional peaks appeared in addition to the 
peaks that were observed in the XRD patterns of the fresh catalyst. This was probably due to 
the phase separation resulted from particle sintering at high temperature. MgO and other 
alkaline supports are thermally stable than gamma alumina supports, therefore, sintering of 
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particles and thermal degradation of the support was observed in alumina and alumina rich 
hydrotalcites.  
XRD patterns of the spent catalysts are similar to the XRD patterns of calcined 
catalysts shown in Figure 4.1, except the appearance of new additional peaks that 
corresponds to the graphitic carbon (PCPDF#752078). In particular, diffraction peak 
observed at 2θ 44.03 corresponds to the (010) plane of the graphitic carbon was found to be 
prominent in the alumina and alumina rich calcined hydrotalcite supported Rh catalysts.   
 
 
Figure 4.10: XRD patterns of the spent catalysts of Rh after catalytic partial oxidation of 
methane 
 
The absence of crystalline peaks corresponds to the metallic Rh were found again 
similar to the calcined catalysts. Carbon formation is an integral step of reforming of 
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methane, which requires metallic active sites, but there was no characteristic diffraction peaks 
correspond to the metal sites. This can be attributed to the formation of small metal clusters 
of Rh, which can be stabilized by the reducing nature of the product gases such as CO and 
H2. The widely accepted mechanism of carbon formation involves the diffusion of carbon 
within the metal particle and subsequent precipitation at the rear phase. These steps in carbon 
formation cause change in crystallite size, inter-planar spacing of metal or support. The 
average crystallite size and inter-planar spacing were calculated and listed in Table 4.2.  
Interestingly, the average crystallite size calculated using Scherrer equation was found to 
increase in the case of Rh/HT1, RH/HT2, Rh/HT3, Rh/HT4 and Rh/Al2O3, while it didn’t 
change much in the case of Rh/MgO. MgO is more alkaline in nature and generally don’t 
promote carbon formation. However, the alumina content increased the carbon formation.  
This also suggested that rate of carbon formation from methane cracking must be higher to 
explain the high crystalline carbon formation and this faster rate may be associated with ease 
of reducibility of Rh species deposited on alumina and alumina rich calcined hydrotalcites. 
4.3.3.b) TEM studies of the spent catalysts 
To investigate the morphology of the spent catalysts; nature of carbon formation on 
the catalysts and particle aggregation within the catalysts, TEM imaging of all the spent 
catalysts were carried out and the representative images are given in Figure 4.11. Similar to 
XRD results, there were not many changes in the morphology of the spent Rh/MgO catalysts 
except particle aggregation. However, small nanoparticles formed on the support, which 
probably resulted from the reduction of rhodium oxide by produced CO and H2 gases during 
the catalytic partial oxidation of methane. Also there was not much carbon formation around 
the catalysts, which is in agreement with the XRD results. However, the amount of carbon 
formation and changes in the catalyst morphology was significant in the case of Rh/HT2, 
Rh/HT3, Rh/HT4 and Rh/Al2O3, which are having higher alumina content as compared to 
Chapter 4 
 
114 | P a g e  
 
Rh/HT1 and Rh/MgO. The particle size of rhodium was found to be smaller in the case of 
alumina and alumina rich calcined hydrotalcites than the particle size of Rh/MgO. This is 
also in agreement with the XRD results that didn’t show any features correspond to the 
metallic Rh. However, the particle size increased after the reaction in the alumina and 
alumina rich hydrotalcites. The main reason for the increase in particle size is the particle 
sintering at higher temperature. Another interesting aspect is that carbon formation is also 
prevalent in the alumina or alumina rich hydrotaclite phases. Highly basic supports like MgO 
or MgO rich hydrotalcites were known to produce less carbon as compared to the Lewis 
acidic Alumina and alumina rich hydrotalcites.  
 
Figure 4.11: TEM images of the spent catalysts of Rh after catalytic partial oxidation of 
methane 
 
The morphology of the carbon deposited on Rh/HT2, Rh/HT3, Rh/HT4 and 
Rh/Al2O3 was significantly different from the other two catalysts. In the case of Rh/Al2O3 
and Rh/HT2, nanotubes are the major type of carbon present along with the catalyst particles. 
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The rate of carbon deposition, carbon diffusion and precipitation are the major factors that 
control the morphology of the carbon, therefore the interaction between the Rhodium active 
sites and the supports plays a key role in controlling the morphology of the carbon formed 
during the reaction. These materials tend to promote the growth of nanotubes as shown in 
Fig. 4.11, which oxidized preferentially than other forms of the carbon. The catalyst activity 
of these materials was found to be high and the high carbon content indicates that these 
materials have the propensity to accelerate the carbon oxidation. Hydrogen spillover effect of 
rhodium keeps the metal in reduced state and surface hydrogen concentration was known to 
promote the carbon oxidation with CO2.  
4.3.3.c)  XPS studies of the spent catalysts  
XPS studies of all the spent catalysts were carried out to investigate the chemical state 
of oxygen, aluminum, magnesium and rhodium during the catalytic partial oxidation of 
methane. Figure 4.12 shows the XPS core level spectra of these metals and table 4.2 presents 
the peak binding energies of these core levels.  The XPS core level spectra of the spent 
catalysts were significantly different from that of calcined catalysts. The metal oxide 
component correspond to the Rhodium oxide was absent in the case spent Rh/Al2O3, which 
become prominent in the calcined Rh/Al2O3 catalysts. As observed in the other 
characterization, spent catalysts Rh/MgO and Rh/HT1 XPS core level spectra of O1s and 
Al2p core level were significantly different from the O1s and Al2p spectra of the other spent 
catalysts. These results proved the concept of the interaction between Rh with MgO and MgO 
rich calcined hydrotalcites is different from the interaction between Rh with Al2O3 and 
Al2O3 rich calcined hydrotalcites. 
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Figure 4.12: XPS core level spectra of the spent catalysts of Rh after catalytic partial 
oxidation of methane 
 
In the case of Mg1s core level spectra, the peak binding energy of the Mg1s 
component shifted towards lower binding energies, when the amount of alumina content 
increased. This was probably due to the incorporation of Rh into its oxide framework, that 
causes the peak BE to higher values. Rh3d core level spectra of Rh/MgO, Rh/HT1, Rh/HT2, 
Rh/HT3 and Rh/HT4 were significantly overlapped with the Mg KLL Auger lines and it is 
difficult to identify its oxidation state in these materials 
 
.  
Chapter 4 
 
117 | P a g e  
 
Table 4.2: Carbon content, O1s, Al2p, Mg1s peak BE, crystallite size and interplanar 
spacing of the spent catalysts  
 
 
This differential interaction between the Rh and MgO or Alumina phases affected the 
reducibility of the metal, their dispersion and control the size of these metals during CPOx 
process. Overall these afore-mentioned factors were found to be responsible for the higher 
activity of Rh/Al2O3 and Alumina rich calcined hydrotalcite supported rhodium catalysts.   
4.3.3.d) Thermo-gravimetric analysis (TGA)  
To estimate the amount of carbon deposited during the catalytic partial oxidation, 
thermo-gravimetric analysis of the spent catalysts using air as carrier gas, was carried out. TG 
data of all the catalysts are shown in Figure 4.13. 
Catalyst Carbon 
content 
(Wt%) 
O1s BE 
(eV) 
Al2p BE 
(eV) 
Mg1s BE 
(eV) 
Crystallite 
size (nm) 
d(111) 
Rh/MgO -- 532.5 
530.5 
-- 1305.2 
1303.2 
16.6 2.11 
Rh/HT1 8.8% 531.4 
529.9 
74.0 1303.8 
1304.9 
16.1 2.11 
Rh/HT2 8.9% 530.8 
532.1 
529.8 
73.6 1303.8 
1302.9 
17.4 2.12 
Rh/HT3 9.1% 531.6 
530.1 
532.5 
74.0 1303.8 
1302.9 
16.1 2.11 
Rh/HT4 
 
 
Rh/Al2O3 
9.4% 
 
 
9.4% 
531.9 
530.3 
 
530.3 
531.9 
74.2 
 
 
74.0 
1303.9 
1305.4 
 
-- 
12.82 
 
 
9.3 
2.11 
 
 
1.98 
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Figure 4.13: TG analysis of the spent catalysts of Rh after catalytic partial oxidation of 
methane 
 
The amount of carbon deposited on each catalyst is shown in table 4.2. Rh/MgO showed very 
less carbon deposition, while other materials showed carbon content ranging from 8-9%. 
Calcined hydrotalcites supported rhodium catalysts have shown similar TG profile and the 
carbon oxidation was observed even at lower temperatures. This was a clear proof that the 
nature of carbon has high tendency towards oxidation, which is essential for the higher 
activity over longer periods of time. Rh/Al2O3 showed same amount of weight loss, however 
the pattern of thermal degradation was different. Since methane cracking is the rate limiting 
step in CPOx process, the amount of carbon formation is directly related to the activity of the 
methane reforming on the catalyst surface.    
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4.4. Conclusions 
 
To summarize, catalytic partial oxidation of methane was studied on MgO, Al2O3 and 
calcined hydrotalcites of varying Mg/Al ratio supported Rh catalyst. The influence of support 
materials over rhodium-based catalysts was studied in detail. The performance of the 
supported Rh catalyst is strongly affected by the support. The irreducible oxides such as MgO 
or MgO rich hydrotalcites were not found to be suitable supports for rhodium to be used in 
catalytic partial oxidation. The probable reason is the mixed metal oxide formation which 
facilitates the migration of Rh content to the bulk and restricts its accessibility. It also 
decreases its ease of reducibility and the number of active rhodium sites which leads to the 
reduction of catalytic activity. It also promotes combustion reaction. MgO supported Rh is a 
very stable catalysts because of the strong interactions between rhodium and magnesium 
oxides (especially the formation of MgRh2O4) but exibit very poor activity. Rhodium 
supported on alumina was found to be highly active among all catalysts. These results 
indicate that addition of Lewis acid catalyst like alumina to small amount to highly basic 
MgO support improves the distribution of rhodium sites which favours high activity.  
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5.1 Introduction  
In previous chapters, catalyst compositions were optimized towards CO2 dry 
reforming of methane and catalytic partial oxidation of methane to produce syngas. In the 
case of catalytic partial oxidation of methane, oxidation of methane and reforming of 
unreacted methane occurs at different zones in the same catalyst bed[1], which resulted in the 
formation of heat gradient in the oxidation and reforming zones. This was the major reason 
for the hot spots formation in the catalyst bed specifically at the oxidation zone. This chapter 
aims to decouple the oxidation of methane and reforming of methane in two different 
catalysts packed in a fixed bed reactor instead of the conventional single catalyst filled fixed 
bed. This principle of combining oxidation and reforming is similar to the other syngas 
production process called Autothermal reforming (ATR), where non-catalytic combustion of 
methane using a flame and catalytic reforming of methane are integrated in a same reactor. 
The aim of the current work is to replace the burner assisted combustion of methane by 
catalyst mediated combustion. Therefore, the present work investigates the possibility to pack 
an oxidation catalyst as well as reforming catalyst in single catalyst bed to produce syngas 
through autothermal conditions.  
Autothermal reforming is a very flexible process. Major advantage in this process is 
to utilize the heat produced from the methane combustion to drive the endothermic steam and 
CO2 reforming.  Another advantage of this process as compared to the other reforming 
processes is its possibility to run the process under high pressure, which is desirable for the 
large scale Gas To Liquid (GTL) technology [2].  Even though the process can be operated 
under high pressure oxygen or air blown environments, the resultant syngas can have low 
methane content for downstream processes[3]. High pressure operation reduces the 
compression cost of syngas in the downstream process, which eventually improve the process 
economics of syngas production. Moreover, additional flexibility reported for ATR process is 
Chapter 5 
 
123 | P a g e  
 
that variation of syngas composition, which can be adjusted by varying the feed composition 
and steam/methane ratio. Conventional ATR usually operates at very high temperature, 
which leads to hot spots formation, active metal sintering and hydrogen rich syngas. Like 
other non-catalytic reforming processes, soot formation tends to occur, when feed 
composition containing lower steam/methane ratio used in ATR reactor [4, 5]. 
Present work investigates the possibility to integrate catalyst mediated combustion 
with catalyst mediated bi-reforming, so as to reduce the process temperature significantly. 
Flame assisted combustion of methane in conventional ATR has been replaced here with a 
layer of combustion catalyst, which is referred as catalytic ATR.   The concept of introducing 
a combustion catalyst targets to reduce the operating temperature significantly, because most 
non-catalytic combustors operate above 1500 °C [6].  There are few studies reported in 
literature about using dual catalyst for few catalytic processes [7-15], but using a dual catalyst 
bed for catalytic autothermal reforming of methane have not been studied in detail so far.  
The first step is to identify an oxidation catalyst, which can oxidize methane 
completely into steam and CO2. Methane activation at lower temperatures is still a 
challenging task and many catalysts have been developed to oxidize methane at lower 
temperatures [16]. Especially, supported precious metal catalysts [17, 18] are the ideal 
candidates for the low temperature methane oxidation and number of studies have been 
undertaken to study the process in detail [19, 20]. However, complete combustion at lower 
temperature is still a challenge to overcome [21, 22].  Recently, complete oxidation of 
methane at lower temperature has been demonstrated using a Ceria-Alumina supported 
Palladium catalysts [23]. Similar kind of catalysts have been used as an oxidation catalysts 
[24], however their catalytic efficiency towards reforming is low due to requirement of active 
metal sites.  
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In this present work Ceria-Alumina supported palladium catalyst has been used as an 
oxidation catalyst, but prepared by a novel synthetic method, significantly different from the 
reported methods. The choice of ceria promoted alumina was made as support because ceria 
was demonstrated as an oxidation catalyst for reactions that used air. The catalysts developed 
for CPOx process (presented in chapter 4) were excluded for this oxidation process as those 
catalysts exhibit both oxidation and reforming characteristics, which may complicate the 
proposed study of decoupling oxidation and reforming in two catalyst beds. In this work, two 
stable and active CO2 reforming catalysts have been developed, which are NiCo/MAl and 
RhNi/MAl (discussed in chapter 3). These two catalysts are the choice of the reforming 
catalysts and combined along with the oxidation catalyst to develop a catalytic ATR process 
to produce syngas.   
5.2 Experimental section 
5.2.1 Preparation of catalysts 
Synthesis details of combustion catalyst Pd/CeO2/Al2O3 was discussed in detail in 
section 2.3.1.c).    
5.2.2 Catalyst screening procedure   
Catalyst screening process and all reaction parameters for catalytic autothermal 
reforming of methane are discussed in detail in section 2.3.2.c).    
5.3 Results and discussion 
5.3.1 Characterization of catalysts  
5.3.1.a) X-ray diffraction (XRD) studies 
Powder XRD patterns of all the reforming and combustion catalysts were collected to 
identify the crystalline phases present in the samples and the results are shown in Figure 5.1.  
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Figure 5.1: XRD patterns of PdCeO2Al2O3 and Reforming catalysts RhNi/MAl & NiCo/MAl 
 
The observed XRD patterns for PdCeO2Al2O3 correspond to the ceria-alumina phase 
(PDF#810792) and metallic palladium. These results clearly indicate that the catalyst consists 
of two phases, ceria-alumina support phase and metallic palladium active phase. The addition 
of urea during the catalyst synthesis led to a homogeneous dispersion of the palladium on the 
ceria alumina support. The weight percentage of Pd was kept as 1%, to obtain an uniform 
dispersion of palladium on these supports. The combustion catalyst PdCeO2Al2O3 has 90% 
alumina and 9% of ceria content, however the observed XRD patterns exhibit structural 
characteristics correspond to the ceria phases. X-Ray reflections observed at (2θ) 28.4o, 32.9, 
47.3, 56.1 corresponds to the (111), (200), (220), (311) faces of the cubic phase of cerium 
Oxide. X-Ray reflections observed (2θ) at 37.6, and 67.2°corresponds to the mixed phase of 
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ceria-alumina, while X-ray reflections observed at 39.4 corresponds to the (111) plane of 
metallic palladium. In the case of reforming catalysts, XRD patterns exhibit the characteristic 
diffraction peaks corresponding to the bimetallic phase of NiCo and RhNi, but it was found 
that the diffraction peaks correspond to the alumina support was less prominent due to its 
amorphous nature. The inter-planar spacing and the crystallite sizes of the materials were 
calculated and are shown in Table 5.1.  
 
Table 5.1: BET surface area, pore volume, pore diameter, crystallite size, d111 of combustion 
and reforming catalysts 
 
 
 
 
 
 
 
 
5.3.1.b) BET studies of the catalyst materials 
N2 adsorption-desorption isotherms of the NiCo/MAl, RhNi/MAl and PdCeO2Al2O3 
were studied to estimate their surface area, pore diameter and pore volume. Table 5.1 shows the 
textural properties of the materials, wherein it is clearly seen the significant changes in the 
textural properties. Figure 5.2 shows the adsorption/desorption isotherms of the afore-
mentioned catalysts to estimate their BET surface area, pore diameter and pore volume. All 
materials were mesoporous and exhibit type IV kind isotherm and have high surface area. The 
calculated BET surface area of the materials were found to decrease as the composition of the 
support varies from Alumina to ceria alumina phase due to the mixed phase formation between 
ceria and alumina that affect the mesoporosity of alumina. The sorption isotherm of combustion 
Catalyst SBET 
(m2.g-1) 
Pore 
Diameter 
(nm) 
Crystallite 
size (nm) 
d(111) 
PdCeO2Al2O3 65 33 12.5 3.14 
NiCo/MAl 99 26.2 14.59 2.10 
RhNi/MAl 118 13.2 12.5 2.11 
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catalyst was found to be different from the reforming catalyst. The high surface area of the 
alumina rich materials were probably due to their amorphous nature and its formation of a 
mixed phase with crystalline phase ceria significantly reduce the surface area of PdCeO2Al2O3. 
 
 
Figure 5.2: N2 sorption isotherms of NiCo/MAl, RhNi/MAl and PdCeO2Al2O3 
 
Another reason for lower surface are in oxidation catalyst is palladium dispersion in 
PdCeO2Al2O3, which blocks all the micropores of the support.  The absence of micropore 
filling regime in the N2-sorption isotherm of PdCeO2Al2O3 is clearly seen in Fig.5.2.  
Moreover, the pore diameter and the pore volume of these materials were found to be lower 
than the supports after palladium incorporation. All the three catalysts have also shown two-
step desorption, which was a clear indication of presence of closed pores in the catalyst 
materials.  
Chapter 5 
 
128 | P a g e  
 
5.3.1.c) TEM studies of the catalyst materials 
TEM images of the calcined and reduced PdCeO2Al2O3 combustion catalysts were 
carried out to study the morphology of the support and the formation of palladium 
nanoparticles on the support. As shown in Figure 5.3, the TEM images clearly showed that 
the morphology of the support were found to be similar both in the calcined and reduced 
catalysts. The morphology of the CeO2Al2O3 support was found to be a planar sheets but 
interconnected with branched nanostructures. Additionally there were some phase separated 
particles in the calcined catalysts, probably coming from the palladium oxide phase prior to 
reduction.  
 
 
Figure 5.3: TEM images of the calcined (A and B) and reduced (C and D) PdCeO2Al2O3 
combustion catalysts 
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From the TEM images of the calcined catalysts before and after reduction,  it is 
clearly seen that palladium particles have different morphology than the support. The size of 
the palladium particles were found to be smaller than 10 nm and dispersed uniformly 
throughout the support. From the XRD results, it was clearly demonstrated the presence of 
crystalline phases correspond to the palladium metal support the concept of uniform 
dispersion and the palladium has very high tendency to be dispersed on both alumina and 
ceria phase. Due to this site preference, the palladium dispersion on these supports is uniform 
and reach upto molecular level.  
5.3.1.d) XPS studies of the catalyst materials 
XPS core level spectra of combustion catalyst was carried out to investigate the 
chemical states of O1s, Al2p, Pd3d and Ce3d  core level in all these supports and how their 
metal support interaction varied with respect to the palladium metal. Figure 5.4 shows the O1s, 
Al2p, Pd3d and Ce 3d core level spectra recorded from the combustion catalyst PdCeO2Al2O3. 
O1s core level spectra in the case of PdCeO2Al2O3 shows for chemically different oxide 
species on the surface. The peak binding energy observed at 528.7 eV was assigned to the 
oxide of palladium and the peak binding energy observed at 530.7 eV was assigned to cerium 
oxide in addition the surface oxide and hydroxide species. These results clearly showed that 
there is a formation of the mixed metal oxide phase between CeO2 and Alumina phase. These 
results are in agreement with the XRD results, which witnessed the formation of a mixed metal 
oxide phase.  
Similar trend was observed in the case of Al2p core level spectra. Al 2p spectra in the 
case of PdCeO2Al2O3 exhibit its peak binding energy at 74 eV, which is slightly shifted from 
the Al2p binding energy observed in the case of pure alumina.  Pd3d core level spectra 
observed in the case of PdCeO2Al2O3 exhibit the peak BE component at 337 eV (Pd3d5/2), 
which assigned to the zero valent metal. In the case of Ce3d core level spectra, there were two 
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major chemical components of ceria were observed. The peak binding energy of Ce3d5/2 
observed at 881 and 888 eV were assigned to the Ce3+ and Ce4+ states. These results clearly 
state that there are lot of surface oxygen vacancies, which play a key role on activating oxygen 
at lower temperature.  
 
Figure 5.4: XPS core level spectra of Al2p, Mg1s and O1s of calcined hydrotalcites supports 
 
All the spectral data clearly depict a strong interaction of CeO2 and Alumina phases 
in the PdCeO2Al2O3 due to the high propensity of forming mixed metal oxide.  
5.3.2 Catalyst Screening for CATR process 
The dual catalyst bed containing combustion catalyst and reforming catalyst were 
tested for their activity towards catalytic autothermal reforming of methane. The catalysts 
were activated by reducing them under the flow of hydrogen/Ar  mixture at 700 oC for two 
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hours. In the present work, the dual catalyst bed was made in two ways. The first way was to 
sequentially stack combustion catalyst at the top, followed by the reforming catalyst at the 
bottom (ATR-Layer NiCo). In the second approach, same amounts of catalysts were mixed 
together. In this case, the combustion catalyst and reforming catalyst were intentionally 
blended together (ATR-Mix NiCo). To delineate the advantage of using dual catalyst bed, the 
same ATR experiments were carried out using only combustion catalyst (ATR-
PdCeO2Al2O3) alone and reforming catalyst (ATR-NiCo) alone.   
 
 
Figure 5.5: Conversion of methane in different temperatures for the PdCeO2Al2O3 and Ni-
Co-MAl systems. 
 
Figure 5.5 shows the plot of methane conversion as a function of catalyst bed 
temperature when the reactant feed pass through the afore-mentioned catalysts.  Among all 
the catalyst systems, the layered stacking of combustion and reforming catalyst has shown 
Chapter 5 
 
132 | P a g e  
 
very high methane conversion of about 78% and it maintained constant conversion even at 
higher temperature. While the same combustion and reforming catalyst blended in the 
catalyst bed, the methane conversion was found to be lower (63%) than the methane 
conversion by pure reforming catalyst alone. Having all the feed composition, temperature 
and pressure constant, the catalyst activity towards ATR was found to be significantly 
different from the stacked catalysts and blended catalyst. Pure combustion catalyst ATR-
PdCeO2Al2O3 showed only 50% methane conversion and it was low among the four catalyst 
systems. This is probably due to the ATR-PdCeO2Al2O3 promote complete oxidation of 
methane by utilizing the oxygen completely in the feed. However, this catalyst doesn’t have 
any reforming active site to catalyse the combined CO2 and steam reforming of unreacted 
methane. In the case of only reforming catalyst mediated ATR process, methane conversion 
was higher than the methane conversion observed only in the case of combustion catalyst 
alone. However, the conversion started increasing as the temperature increased. The higher 
activity of reforming alone is attributed to the fact that active metals NiCo can catalyse the 
methane oxidation and methane reforming. Moreover, reforming efficiency of these catalysts 
tend to increase at higher temperatures, which accounts the enhanced catalyst activity at 
higher temperature.  
The activity drop in ATR-Mix NiCo at higher temperature was probably due to 
decrease in reforming efficiency, which usually happens either due to the carbon formation or 
oxidation of the bimetallic catalysts. Since the catalysts were blended, the reforming catalyst 
have high propensity to be oxidized in reactant feed containing oxygen at higher temperature. 
In the case of layered packing, the methane oxidation and reforming spatially decoupled in 
two catalyst beds, which keep the reforming catalysts active at higher temperature.   
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Figure 5.6: Methane conversion for different feed composition (CH4: O2: H2O: N2 in sccm, 
Table 2.2) 
 
The role of feed composition in controlling the methane conversion was studied on all 
the four catalysts and the results are given in Figure 5.6. The feed consists of methane, 
oxygen, steam and nitrogen, wherein the last three compositions varied while keeping 
methane content as constant.  The usual feed composition for the screening studies was 
CH4:O2:H2O:N2 = 2:1:0.6:3.76 (sccm). A significant change in methane conversion was 
observed when the feed composition was changed. Under autothermal conditions, it is 
evident that higher conversion of methane was obtained when the feed composition ratio was 
2:1:0.6:3.76. As the feed contains significant amounts of oxygen (100 sccm, in cases 1,2 and 
3), methane conversion was close to 80% in the case of dual catalyst bed containing layers of 
combustion and reforming catalyst. As the amount of oxygen decreased in the feed, it 
decreased the methane conversion. The activity of the four catalyst systems falls in the 
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following order ATR-Layer NiCo > ATR-NiCo > ATR-Mix NiCo > ATR-PdCeO2Al2O3 for 
all the four different feed composition. This trend was changed only when the feed 
composition didn’t have any oxygen (case 5). In this case, reforming catalyst has shown 
better conversion because it can reform methane with the steam, while other catalysts need 
oxidation as first step. In order to validate the dual catalyst concept in improving the activity 
under autothermal reforming conditions, the same kind of experiments were carried out with 
the other reforming catalyst RhNi/MAl, instead of using NiCo/MAl catalyst. 
 
Figure 5.7: Conversion of methane in different temperatures for the PdCeO2Al2O3 and Ni-
Rh-MAl system 
 
The combustion catalyst and reforming catalyst were tested under auto thermal 
conditions for reference. Similar to the previous case, dual catalyst bed was made up of 
sequential layered stack of catalyst and blend of reforming and combustion catalyst. Figure 
5.7 illustrated the plot of methane conversion on these catalysts as a function of catalyst bed 
temperature. The results were found to be significantly different from the previous case. The 
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activity of the four catalyst systems falls in the following order ATR-RhNi = ATR-Mix-RhNi 
> ATR-Layer-RhNi> ATR-PdCeO2Al2O3. Nearly equal methane conversion was observed 
in the case pure reforming catalyst ATR-RhNi and blended catalyst of ATR-Mix-RhNi. The 
layered dual catalyst system exhibit methane conversion close to 80%, but the activity was 
lower than the reforming and dual (blend) catalyst system.  
 
 
Figure 5.8: Methane conversion for different feed composition in PdCeO2Al2O3 and Ni-Rh-
MAl system 
 
These results clearly indicate that RhNi/MAl catalyst itself have two kinds of active 
sites that can promote the methane oxidation and reforming. This kind of catalysts don’t 
require an additional methane combustion catalyst, addition of this catalyst in fact reduce the 
overall methane conversion. In the previous chapter, rhodium catalysts were demonstrated as 
promising catalytic partial oxidation catalysts, which follow the two step syngas formation 
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that involves combustion and reforming.  The rhodium sites promote oxidation and bimetallic 
RhNi sites can promote reforming. However, the concept of having dual catalysts in single 
catalyst bed or catalysts having two active sites was demonstrated to enhance the methane 
conversion under catalytic auto thermal conditions. The role of feed composition in 
controlling the methane conversion was studied for these four catalysts and the results are 
given in Figure 5.8. Similar to the previous study, the feed consists of methane, oxygen, 
steam and nitrogen. Oxygen, steam and nitrogen composition varied in the reactant feed, 
while keeping methane content as constant. Higher conversion of methane was obtained 
when the feed composition ratio was 2:1:0.6:3.76. The activity of these catalysts when the 
feed consists of 100 sccm of oxygen decreases in the following order The activity of the four 
catalyst systems falls in the following order ATR-RhNi > ATR-Mix-RhNi > ATR-Layer-
RhNi> ATR-PdCeO2Al2O3. However, this trend changed when oxygen content was reduced 
or zero. The activity of the four catalyst systems falls in the following order ATR-Mix-RhNi 
> ATR-RhNi > ATR-Layer-RhNi> ATR-PdCeO2Al2O3 . As the feed has less oxygen 
content, the role of combustion catalyst becomes important in increasing the catalyst activity 
in addition to the reforming catalyst.  
 
Figure 5.9: H2/CO ratio of the catalysts as a function of operating temperature 
 
Another major factor that needs to be studied was the ratio of H2 versus CO in the 
product mixture. The reactant feed consists of methane, oxygen, steam and nitrogen, which 
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have their role in dictating the ration. Catalytic autothermal reforming of methane to produce 
syngas on the dual catalyst system were studied to estimate the H2/CO ratio in the product 
stream and the results are given in Figure 5.9. H2/CO ratios were calculated for all the four 
catalyst systems and are plotted as column chart in Figure 5.9. From the figure, it is evident 
that the lowest H2/CO ratio of 2, was observed in the case of reforming catalyst alone, but 
this ratio was found to decrease with the increase in temperature. However, most of the other 
catalyst systems showed the average H2/CO ratio of 3 at lower temperature, but this ratio 
decreases marginally at higher temperature. This slight variation of H2/CO ratio as a function 
of temperature is partly due the other competing processes such as water gas shift reactions.  
5.3.3 Spent catalyst characterization 
The spent catalysts collected after the catalytic auto thermal reforming were 
characterized by XRD, TEM, XPS and N2-sorption studies to study any structural 
degradation of the support, metal/support particle sintering, changes in chemical/oxidation 
state, nature of carbon formation and amount of carbon deposited. 
5.3.3.a) XRD studies of the spent catalysts 
Figure 5.10 and 5. 11 show the powder XRD patterns of all the spent catalysts used in 
catalytic autothermal reforming. The combustion catalysts still exhibit the diffraction patterns 
correspond to the ceria phase (as shown in Fig 5.1) that clearly indicate that these combustion 
catalysts were stable against any hot spots formation as well as any particle sintering. 
However, the spent reforming catalyst NiCo/MAl still retains the X-ray reflections 
correspond to the bimetallic NiCo phase. This is a clear indication of the improved stability 
of the catalysts under auto thermal conditions. From the observed XRD patterns of the spent 
catalysts, it was found that XRD patterns of the calcined catalysts (shown in Figure 5.1) were 
similar to the spent catalysts except the appearance of new additional peaks that corresponds 
to the graphitic carbon (PCPDF#752078).  
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Figure 5.10: XRD patterns of the spent catalysts after catalytic partial oxidation of methane 
 
 
Figure 5.11: XRD patterns of the spent catalysts after catalytic partial oxidation of methane 
 
Chapter 5 
 
139 | P a g e  
 
In particular, diffraction peak observed at 2θ 44.03 corresponds to the (010) plane of 
the graphitic carbon was found to be prominent in the pure reforming catalyst and dual 
catalyst bed consists of blend of both catalysts. However, the carbon formation was not 
significant in the case of dual catalyst bed containing layered sequence of catalysts.  
Fig 5.11 shows the powder XRD patterns collected from the studies using the 
RhNi/MAl as reforming catalyst. RhNi/MAl showed the XRD pattern, which was very much 
similar to the calcined catalyst XRD pattern that was shown in Figure 5.1. Also the XRD 
patterns clearly showed that there was not much carbon formation in pure reforming catalyst. 
Catalyst screening studies demonstrated that RhNi/MAl showed enhanced catalytic activity 
than other catalysts. Both results clearly demonstrated that RhNi/MAl catalyst has dual active 
sites for oxidation and reforming.  
5.3.3.b) TEM studies of the spent catalysts 
To investigate the morphology of the spent catalysts, nature of carbon formation and 
particle aggregation, TEM imaging of all the spent catalysts were carried out and the 
representative images are given in Figure 5.12. It is clearly seen that significant changes in 
the morphology of the spent combustion catalysts, particle aggregation and carbon formation. 
Figure 5.12A showed the TEM image collected from the spent combustion catalyst that 
clearly shows aggregation of particles and carbon nanotubes formation. 
Figure 5.12 B and C showed the TEM images collected from the spent catalysts of 
dual catalyst bed containing layered stacking of catalysts. From the TEM images, it can be 
clearly distinguished the morphology of the combustion catalyst and the reforming catalyst, 
which remain the same even after they used for catalytic autothermal reforming. Significant 
amounts of carbon nanotubes formation were observed but active catalyst particles were not 
lifted from the support. Figure 5.12 D showed the representative TEM images collected from 
the spent catalysts of dual catalyst bed containing blend of combustion and reforming 
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(NiCo/MAl) catalyst. From the TEM images, it is clearly different from the catalysts stacked 
in layered fashion. Particle size of metals and support particles size were increased 
significantly. Moreover, there was no carbon nanotube formation, as observed in other cases.  
 
 
Figure 5.12: TEM images of the spent catalysts of combustion catalyst (A) packed in a 
layered manner (B&C), blend of catalysts (D), RhNi/MAl (E) and RhNi/MAl and combustion 
catalyst blend (F). 
 
The morphology of the carbon deposited on combustion catalyst, RhNi/MAl and 
RhNi/MAl and combustion catalyst packed in a layer were found to be significantly different 
from the other catalysts. In the case of combustion catalysts, nanotubes are the major type of 
carbon present along with the catalyst particles. The rate of carbon deposition, carbon 
diffusion and precipitation are the major factors that control the morphology of the carbon, 
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therefore the interaction between the active metal sites and the supports, which eventually 
play a key role in controlling the morphology of the carbon formed during the reaction.  
The bimetallic composition play a critical role in carbon diffusion and precipitation of  
RhNi/MAl, therefore it tends to form nanotubes and lifted the particles out of the surface. 
These materials tend to promote the growth of nanotubes with defects and that nanotubes 
oxidized preferentially than other forms of the carbon. The catalyst activity of these materials 
was found to be high and the high carbon content indicates that these materials have the 
propensity to accelerate the carbon oxidation.  
5.3.3.c) XPS studies of the spent catalysts  
XPS studies of all the spent catalysts were carried out to investigate the chemical state 
of palladium, cerium, oxygen, aluminum, magnesium and rhodium during the catalytic partial 
oxidation of methane. Figure 5.13 shows the XPS core level spectra of these metals the peak 
binding energies of these core levels.  The XPS core level spectra of the spent catalysts 
shown in Figure 5.13 were significantly different from the calcined catalysts XPS core level 
spectra shown in Figure 5.4. The metal oxide component correspond to the nickel and cobalt 
were absent in the case of spent reforming catalyst. This was probably because of the smaller 
size of both metals and their molecular level dispersion. As compared to the fresh catalysts, 
spent catalysts of PdCeO2Al2O3, NiCo/MAl core level spectra of Pd3d, Ce 3d, Al2p and O1s 
were significantly different from the Pd3d, Ce 3d, Al2p and O1s spectra of the fresh catalysts.  
These results proved the synergistic interaction between oxidation and reforming 
catalyst. In the case of Pd3d core level spectra, the peak binding energy of the Pd3d 
component shifted towards lower binding energies corresponds to its metallic state. This was 
probably due to the oxygen vacancies of the ceria and their role in preferential oxidation than 
palladium. However, core level spectra of Ce3d were found to be different from the Ce3d 
spectra of the fresh catalyst that is the indication of its role on complete oxidation of methane.  
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Figure 5.13: XPS core level spectra of the spent catalysts packed in a layer of combustion 
and reforming catalyst. 
 
XPS core level spectra of RhNi/MAl didn’t show any signature of Ni and Rh, even 
though this material has shown excellent activity. This was probably due to their very small 
size, their oxygen tolerance and hydrogen spillover effect of the materials. Overall, XPS 
analysis of the spent catalysts showed that there were significant chemical changes observed 
in the catalyst surface during catalytic auto thermal reforming of methane. This also provides 
that these two catalysts synergistically at higher temperature and maintaining the activity 
even at higher temperatures. This differential interaction between the supports in the 
combustion catalyst and reforming catalyst affects the reducibility of the metal, their 
dispersion and control the size of these metals during catalytic autothermal reforming 
Chapter 5 
 
143 | P a g e  
 
process. Overall these afore-mentioned factors were found to be responsible for the higher 
activity of dual catalysts and RhNi/MAl. 
 
 
Figure 5.14: N2-Sorption isotherms of spent catalysts of combustion, Combustion reforming 
catalyst and RhNi/MAl after catalytic autothermal reforming of methane (S referred to spent 
catalysts) 
 
 
5.3.3.d) N2- sorption isotherms of the spent catalysts 
To investigate the degradation of the support during the catalytic autothermal 
reforming of methane, N2- sorption isotherms of the spent catalysts was carried out. 
Adsorption and desorption branches of the spent catalyst data are shown in Figure 5.14. Their 
adsorption isotherms were found to be different from their isotherms of the fresh calcined 
catalysts. Their mesopore filling area was found to occur at lower relative pressures in the 
case if pure combustion catalyst and dual catalyst bed containing layered stack of catalysts. 
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This was a clear proof that the nature of carbon formation during reforming has high 
tendency towards structural degradation of the support and is responsible for the changes in 
the textural properties. The surface area of each support and pore volume were found to 
decrease, while average pore diameter was found to increase. However, sorption isotherm of 
spent and calcined RhNi/MAl were exactly similar. This is the proof that RhNi/MAl was not 
degraded and agrees with the TEM images of the spent catalysts 
5.4 Conclusions 
 
The concept of catalytic autothermal reforming has been demonstrated using two 
catalysts in a single catalyst bed to decouple the oxidation of methane from reforming of 
methane. The combustion catalyst PdCeO2Al2O3 has been shown as an excellent oxidation 
catalyst, which was shown to oxidize methane at 300 oC itself. This catalyst is in combination 
with the reforming catalyst NiCo/MAl packed in a layered manner were found to show high 
methane conversion and high selectivity towards syngas production. The reaction was carried 
out using oxygen steam and nitrogen. Neither combustion catalyst nor the reforming catalyst 
show similar catalyst activity and their activity was lower when they were blended in the 
catalyst bed. As both catalysts stacked in a layer, they started showing higher activity and 
excellent stability. In contrast, RhNi/MAl alone showed better activity then its combination 
with the combustion catalyst. This was probably due to its very own dual active sites. Rh sites 
promote the oxidation of methane and Ni sites promote the reforming of methane.  
Finally it is evident that catalytic autothermal of methane using duel catalysts bed is a 
promising method to produce syngas and advantageous over reforming and catalytic partial 
oxidation of methane.  
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6.1 Conclusions 
There are number of chemical processes that have been developed to convert natural 
gas into liquid fuels and other fuel additives, collectively referred as Gas-to-Liquid 
technologies (GTL) used for natural gas utilization. Methane is highly abundant in natural gas 
and the most stable hydrocarbon, therefore difficult to activate. All the GTL processes are 
typically two-step processes in which natural gas is first converted to synthesis gas (syngas), 
a mixture of hydrogen and carbon monoxide, which is subsequently converted into paraffins, 
methanol, oxygenates and olefins. Both steps require appropriate heterogeneous catalysts and 
process conditions. As catalytic reforming is a well-established and dearest technology for 
producing syngas from methane, the key requirement in GTL technologies is to develop an 
intensified chemical process for syngas conversion. However, majority of the industrial 
syngas production technologies are large scale processes and highly energy intensive steam 
reforming processes. Therefore, research towards catalyst and process optimization of 
methane reforming is of growing attention among the researchers and it is essential to 
optimize the process and catalyst so as to achieve whole process intensification.  The first and 
foremost challenge in reforming process intensification is to develop stable and active 
catalysts against coking, active metal sintering and support degradation. Developing active 
and stable catalysts against the afore-mentioned deactivation mechanisms is the main 
objective of this thesis work. Another major objective of the present work is to optimize the 
process and catalyst towards adjustable syngas composition, desirable for downstream 
methanol and dimethyl ether production.  
First part of this research work was to develop stable catalyst for CO2 dry reforming 
of methane to produce CO rich syngas. Mesoporous alumina supported mono, bi and 
trimetallic catalysts consist of Ni, Co and Rh as active metals were synthesised. Bimetallic 
and trimetallic catalysts showed better conversion than the monometallic ones for CO2 dry 
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reforming of methane. Rhodium was according to the literature, considered to be highly 
active noble metal catalyst for dry reforming of methane. But in this study mesoporous 
alumina supported monometallic rhodium catalyst was found to be less active as compared to 
bimetallic and the trimetallic catalysts. Among the monometallic catalysts, Mesoporous 
alumina supported cobalt catalysts was found to be least active and this was probably due to 
its interaction with the alumina support. Among the bimetallic catalysts, RhNi/MAl and 
NiCo/MAl was found to be highly active and stable due to their bimetallic domains activate 
methane cracking and carbon oxidation simultaneously. Nickel and cobalt form 
homogeneous alloy that significantly affects the carbon formation kinetics. The spinel 
formation between cobalt and alumina tends to favour the uniform dispersion of nickel as 
well as avoids the formation of nickel spinel with alumina. Rh helps dispersion and reduction 
of Ni along with oxidation of CO2 by hydrogen spill over effect. Overall, mesoporous 
alumina supported bi and trimetallic catalysts were demonstrated to have better activity 
towards CO2 dry reforming of methane and have higher stability than monometallic catalysts 
supported on alumina  
Second part of this research work was to develop stable catalysts for catalytic partial 
oxidation of methane to produce syngas. In this context, catalytic partial oxidation of 
methane was studied on MgO, Al2O3 and calcined hydrotalcites of varying Mg/Al ratio 
supported Rh catalyst. The effect of support on the partial oxidation of methane over 
rhodium-based catalysts was investigated. The performance of the supported Rh catalyst is 
strongly affected by the support. The irreducible oxides such as MgO or MgO rich 
hydrotalcites were not found to be suitable supports for rhodium for this reaction. The 
probable reason is the formation of mixed metal oxide which favours the migration of Rh 
content to the bulk and restricts its accessibility. It also decreases its ease of reducibility and 
the number of active rhodium sites and hence the catalytic activity. The strong interactions 
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between rhodium and magnesium oxides are responsible for the high stability of MgO-
supported Rh catalyst. But these stable catalysts are not very active for catalytic partial 
oxidation of methane. Rhodium supported on alumina and alumina rich calcined hydrotalcites 
were found to be highly active than MgO or MgO rich calcined hydrotalcites. These results 
indicate that addition of small amount of Lewis acid support like alumina to highly basic 
MgO support improves the distribution of rhodium sites and they were responsible for the 
high activity. 
The last part of this research work was intended to integrate oxidation of methane and 
reforming of methane by using dual catalyst bed in catalytic autothermal reforming of 
methane to produce syngas. This concept has been demonstrated using two catalysts in a 
single catalyst bed to decouple the oxidation of methane from reforming of methane. The 
combustion catalyst PdCeO2Al2O3 was an excellent oxidation catalyst, which was shown to 
oxidize methane even at 290 oC. This catalyst and the reforming catalyst NiCo/MAl are 
packed in a layered manner and found to provide high methane conversion and high 
selectivity towards syngas production. Neither combustion catalyst nor the reforming catalyst 
show similar catalyst activity separately and their activity was lower even when they were 
blended in the catalyst bed. Only when both catalysts are stacked in a layer, they started 
showing higher activity and excellent stability. This way, catalytic combustion and catalytic 
reforming were decoupled to achieve the desired activity without any catalyst deactivation. In 
contrast, RhNi/MAl alone showed better activity then its combination with the combustion 
catalyst. This was probably due to its very own two active sites. Rh sites promote the 
oxidation of methane and Ni sites promote the reforming of methane.  
Considering all the results it is evident that catalytic autothermal reforming of 
methane is a promising method to produce syngas and have advantageous over dry reforming 
and catalytic partial oxidation of methane. 
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6.2 Future Perspectives 
The work presented in thesis provided valuable insight in developing active catalyst 
towards methane reforming to produce syngas. The nature of active sites, composition, and 
their interaction with the support during the reaction temperature were investigated to 
understand their role in controlling the catalytic activity towards methane conversion into 
syngas. Novel methods to synthesize catalyst, with better control over the size, shape and 
composition of the active metal in the reforming catalyst has large scope for future study.  
The present study also provides a promising new approach of “catalytic autothermal 
reforming” to produce syngas, which can pave ways to economical high pressure reforming 
suitable for industrial applications.  
This work can be extended to transfer the catalyst onto additively manufactured 
substrates as wash coat to avoid pressure build-up within the catalyst bed. Optimizing the 
catalyst activity in these substrates can lead to the potential way of comprehensive 
intensification of chemical process, which is desirable for any industrial catalytic process. 
